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FOREWORD 


This  final  report  was  perpared  by  the  Avco-Everett  Research 
Laboratory,  Everett,  Massachusetts.  The  work  was  performed  for  the 
Advanced  Research  Projects  Agency,  ARPA  Order  No.  291,  Project  Code 
No.  6329,  and  monitored  by  the  Air  Force  Aero  Propulsion  Laboratory 
under  Air  Force  Contract  No.  AF  33(615)- 1862,  "Detailed  Performance 
Evaluation  of  the  Mark  V  Self- Excited  Rocket-Driven  MHD  Generator,  " 

Task  No.  535004  of  Project  Number  5350. 

This  research  was  performed  under  the  technical  monitorship 
of  Air  Force  Project  Engineer  Lt.  Robert  R.  Barthelemy,  Plasma  Dynam¬ 
ics  Technical  Area  of  the  Aerospace  Power  Division.  The  work  was  ac¬ 
complished  in  May  1965  and  the  report  was  submitted  in  October  1965. 

The  work  covered  by  this  report  is  sponsored  by  the  Advanced 
Research  Projects  Agency  and  managed  by  the  Air  Force  under  Air  Force 
Contract  AF  33(615)-1862.  However,  this  report  is  being  published  and 
distributed  prior  to  review  by  either  agency.  The  publication  of  this  report, 
therefore,  does  not  constitute  approval  by  the  Advanced  Research  Projects 
Agency  or  the  Air  Force  of  the  findings  or  conclusions  contained  herein. 

It  is  published  for  the  exchange  and  stimulation  of  ideas. 


ABSTRACT 


A  rocket-driven  self-excited  MHD  generator  designed  for  a 
net  power  output  of  20,000  kilowatts  has  been  tested.  The  generator  was 
designed  to  demonstrate  the  feasibility  of  using  an  MHD  device  to  provide 
power  at  very  high  levels  with  relatively  simple  equipment.  This  report 
describes  the  generator  and  the  testing  program  performed  to  study  the 
characteristics  of  self-excitation  and  the  combined  operation  of  self-exci¬ 
tation  and  power  output. 

The  initial  test  period  was  devoted  to  achieving  self-excitation 
which  is  described  together  with  the  major  problems  involved.  The  stress 
is  placed  on  the  effect  of  L  di/dt,  loading,  control  cf  battery  bank  and  test 
firing  point,  together  with  end  effects  experience,  n  the  channel.  After 
obtaining  sufficient  knowledge  of  the  self-excitation  and  the  control  thereof, 
the  major  effort  was  concentrated  on  the  production  of  net  power  output. 

The  dynamics  of  the  generator  working  fluid  are  discussed, 
together  with  the  effects  of  various  loadings  of  the  generator.  The  trans¬ 
verse  voltage  distributions  on  the  channel,  together  with  the  axial  voltage 
and  Hall  voltage  measurements  taken,  and  their  influence  oxi  generator 
performance,  are  presented.  Power  and  current  density  and  their  varia¬ 
tion  are  shown  with  power  and  magnet  current  relationships. 

Significant  results  of  the  generator  testing  program  were  the 
production  of  a  net  power  of  23,  600  kilowatts  with  a  gross  power  output  of 
32,  000  kilowatts. 
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I.  INTRODUCTION 


The  exhaust  of  a  modern  chemical  rocket  engine  is  an  impres¬ 
sive  source  of  energy.  As  an  example,  the  thermal  heat  flux  of  the  Atlas 
booster  is  the  equivalent  of  approximately  six  thousand  (6000)  megawatts, 
four  times  that  of  the  largest  public  utility  electric  generating  units  now  in 
operation.  On  the  other  hand,  the  operating  duration  of  these  rockets,  that 
is  to  say,  fractions  of  a  second  to  many  minutes  (and  even  longer)  is  appro¬ 
priate  to  a  number  of  demand  requirements  for  high  level  electrical  power. 
Thus,  if  a  significant  fraction  of  the  rocket  exhaust  energy  flux  could  be 
converted  into  electrical  power,  it  would  represent  an  important  new  capa¬ 
bility. 


The  combustion  products  of  conventional  rocket  propellants  at 
temperatures  between  2000  and  3000  K  can  be  made  to  conduct  electricity 
by  adding  a  small  amount  of  easily  ionizable  impurity  called  seed  to  the  com¬ 
bustion  chamber.  In  practice,  the  seed  is  usually  a  salt  of  potassium.  Thus, 
the  process  of  converting  the  rocket  exhaust  energy  into  useful  electrical 
power  may  be  accomplished  in  a  magnetohydrodynamic  (MUD)  generator. 
Further,  the  natural  "fit"  between  the  very  high  energy  level  of  the  rocket 
engine  and  the  suitability  of  the  MHD  generator  to  single  unit  operation  at 
high  power  level  makes  it  possible  to  envisage  units  with  relatively  simple 
equipment  at  low  cost  and  potential  light  weight.  The  situation  is  perhaps 
best  illustrated  in  Figures  1-1  and  1-2.  Figure  1-1  shows  the  power-operat¬ 
ing  time  characteristics  of  available  "standard"  power  sources  (shaded  area), 
and  Figure  1-2  shows  the  power  output -weight  characteristics  for  rocket- 
driven  MHD  generators. 

In  its  simplest  form,  the  rocket-driven  MHD  generator  con¬ 
sists  of  a  combustion  chamber,  MHD  channel,  and  magnet  which  may  be 
self  or  separately  excited,  superconducting,  or  cryogenically  cooled  by  the 
propellants  and  suitable  auxiliaries.  The  channel  exhausts  to  the  atmos¬ 
phere.  Figure  1-3  illustrates  the  basic  components  of  a  typical  ground  based 
fixed  installation.  Other  equipment  performing  essentially  the  same  func¬ 
tions  but  designed  for  light  weight  could  be  appropriate  for  mobile  and  air 
or  space  borne  applications. 

Because  of  the  basic  simplicity  of  the  apparatus,  it  is  expec¬ 
ted  that  a  rocket-driven  MHD  generator  installation  would  represent  a  rela¬ 
tively  modest  investment  compared  with  other  power  sources  at  comparable 
level,  and  this  advantage  will  increase  with  size.  A  rough  estimate  of  the 
installed  cost  of  such  installations  as  a  function  of  power  output  is  shown  in 
Figure  1-4. 


The  design,  construction,  and  initial  test  of  a  self-excited, 
rocket-driven  MHD  generator  which  would  demonstrate  the  suitability  of 
such  a  generator  (the  Mark  V)  to  produce  electrical  power  at  high  level  for 
limited  duration  was  the  object  of  the  ARPA  sponsored  Contract  AF  33(657)- 


ajc 

8380.  The  final  report  for  the  work  was  submitted  in  April  1964.  The  de¬ 
tailed  test  program  with  the  Mark  V  was  conducted  under  the  present  Con¬ 
tract  AF  33(615)— 1862,  and  the  results  of  that  test  program  are  the  subject 
of  this  report. 

Figure  1-5  is  a  photograph  of  the  self -excited  Mark  V  gen¬ 
erator.  The  combustion  chamber  burning  gaseous  oxygen  and  seeded  alco¬ 
hol  is  on  the  left.  The  structural  steel  encloses  the  heat  sink,  room  tem¬ 
perature  copper  magnet  winding  that  is  driven  by  a  portion  of  the  generator 
output.  The  channel  is  inside  the  magnet.  Above  the  magnet  are  the  power 
take-offs  from  the  individual  segmented  electrodes.  The  exhaust  duct  on 
the  right  conveys  the  spent  gases  to  the  atmosphere.  The  Mark  V  was  de¬ 
signed  for  a  net  power  output  of  twenty  (20)  megawatts  for  thrse  (3)  minutes 
at  a  mass  flow  of  sixty  (60)  Kg/second  with  a  maximum  magnet  power  re¬ 
quirement  of  twenty  (20)  megawatts  or  a  maximum  gross  power  output  of 
forty  (40)  megawatts.  In  power  capability  it  is  the  largest  direct  conver¬ 
sion  device  known  to  be  in  existence,  and  dwarfs  the  Mark  II  experimental 
MHD  generator,  which  previously  was  the  largest  device  of  its  kind. 

Fifty-six  power  generation  tests  were  conducted  with  the 
Mark  V  generator  during  the  testing  program  and  generator  self-excitation 
was  found  to  be  easily  and  reliably  achieved.  A  maximum  net  power  output 
of  23,  600  kilowatts  was  produced,  exceeding  the  design  value  of  20,  000 
kilowatts.  The  maximum  gross  power  output  required  was  only  32,000 
kilowatts . 


*" Design,  Development,  and  Test  of  a  Prototype  Self-Excited 
MHD  Generator,  "  Final  Technical  Report,  Contract  AF  33(657) -8380, 

April  1964. 
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Figure  1-1  Power  Output  vs  Operating  Time  for  D.  C.  Power  Sources 

Power  sources  in  the  unshaded  area  are  not  generally  available,  but  the 
existence  of  a  few  costly  and  bulky  sources  in  the  unshaded  area  may  be 
taken  as  an  indication  of  future  need.  It  is  believed  that  the  rocket-driven 
MHD  generator  can  fulfill  a  majority  of  such  needs.  The  mark  in  the  un¬ 
shaded  portion  of  the  chart  indicates  the  design  point  of  the  generator  which 
has  been  tested  under  the  present  program. 
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Figure  1-2  Power  Output-Weight  Characteristics  for  RocKet-Driven  MHD 
Generators 

Figure  1-2  shows  the  power  output-weight  characteristics  for  rocket-driven 
MHD  generators  with  varying  percentages  of  the  generator  output  dissipated  in 
the  field  coil  and  with  various  field  coil  coolants  which  may  also  serve  as 
propellant.  It  is  clearly  seen  that  mobile  and  air  or  space  borne  systems  are 
a  distinct  possibility.  Again,  the  point  indicated  by  "Mark  V"  denotes  the  de¬ 
sign  conditions  of  the  generator  which  has  been  tested  under  the  present  pro¬ 
gram. 


4- 


A29ZS 


INSTALLED  COST 

INCLUDING  AUXILIARIES -DOLLARS 


ROCKET  DRIVEN  MHD  GENERATOR 
INSTALLED  COST  WITH  AUXILIARIES 
ROOM  TEMPERATURE  OR  LOX  COIL 
ONE  HOUR  FUEL  STORAGE 


IOO  1,000  10,000  100,000 

NET  OUTPUT- MEGAWATTS 


Figure  1-4  Installation  Cost  vs  Power  Output  for  Rocket-Driven  MHD 
Generators 
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II v  generator  design 


To  familiaiize  the  reader  with  the  design  of  the  Mark  V  gen¬ 
erator,  a  brief  description  of  the  design  parameters  and  the  general  ar¬ 
rangement  of  the  test  apparatus  is  presented. 

The  components  of  the  Mark  V  generator  may  be  grouped  to 
form  four  basic  elements;  burner,  magnet,  channel,  and  auxiliary  systems. 
A  photograph  of  the  generator  may  be  seen  in  Figure  1-5. 


A.  GENERAL  DESIGN 


The  working  fluid  used  in  the  Mark  V  MHD  generator  is  pro¬ 
duced  in  a  rocket  type  combustion  chamber.  The  high  temperature  gases 
are  then  passed  through  a  nozzle  into  the  channel  where  the  gas  is  expanded 
at  supersonic  conditions  to  the  atmosphere.  The  channel  is  placed  inside  a 
large  heat  sink  coil,  which  provides  the  necessary  magnetic  field. 

The  channel  is  divided  into  four  sections;  inlet,  excitation, 
power,  and  outlet,  as  shown  in  Figure  II -Al.  The  inlet  section  guides  the 
flow  from  the  burner  nozzle,  through  the  magnet  and  into  the  excitation 
section.  It  also  serves  as  an  electrical  insulator  between  the  combustion 
chamber  nozzle  and  the  excitation  section. 

The  excitation  section  is  that  part  of  the  MHD  channel  from 
which  die  power,  required  to  energize  the  magnet,  is  extracted  from  the 
working  fluid.  For  reasons  to  be  described  below,  a  single,  continuous 
(nan-segmented)  electrode  pair  is  used  in  the  excitation  section. 

The  power  section  starts  from  the  exit  of  the  excitation  sec¬ 
tion,  and  ends  at  a  point  where  the  magnetic  field  strength  on  the  centerline 
of  the  channel  is  30  kG, 

The  power  section  utilizes  segmented  electrodes.  Fifty  elec¬ 
trode  pairs  are  used,  with  each  pair  having  a  power  output  of  approximately 
0.40  .  Each  electrode  ptir  is  connected  to  its  individual  load  resistor 

which  is  made  of  water  cooled  stainless  steel  tubes. 

The  outlet  section  serves  the  same  purpose  as  the  inlet  sec¬ 
tion  by  being  an  electrical  insulator  and  a  flow  passage  through  the  hole  in 
the  end  of  the  xnagnef  into  the  exhaust  duct. 


1.  Sclf-Excik  on 


The  load  line  diagram  for  the  self- excitation  section  of  the 
generator  is  shown  in  Figure  II-A2,  There  is  a  separate  voltage-current 
curve  for  each  value  of  magnetic  field  B.  Now  the  entire  output  current  of 
the  self-excitation  section  of  the  g  enerator  is  delivered  to  the  magnet  so 
that  each  value  of  B  in  the  ordinate  corresponds  to  a  unique  value  of  current 
on  t  te  abscissa.  On  the  other  hand,  the  DC  voltage-current  characteristic 
of  the  magnet  is  given  by  the  straight  line  labeled  I  x  R  .  The  output  vol¬ 
tage  of  the  generator  is  given  by  the  curve  located  above  the  magnet  char¬ 
acteristic,  except  in  the  region  of  very  low  current  and  above  the  operating 
point.  In  the  region  where  the  output  voltage  of  the  generator  at  a  given 
current  is  greater  than  the  steady  state  DC  voltage  demanded  by  the  magnet 
at  the  same  current,  the  Mark  V  will  self -excite;  i.e.,  the  field  will  build 
up  without  external  excitation. 

The  magnetic  field  variation  with  time  may  be  determined  from 
the  data  shown  in  Figure  II-A2.  At  any  time 
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where  I  is  the  generator  (and  magnet)  current,  L  the  magnet  inductance, 

V  the  generator  output  voltage  and  t  the  time.  A  typical  buildup  charac¬ 
teristic  is  shown  in  Figure  II -A3  in  which  magnetic  field  B,  output  voltage 

V  ,  and  DC  magnet  voltage  V  are  shown  as  a  function  of  time.  The  re¬ 
sets  shown  in  this  figure  are  a  solution  of  Eq.  {1}  using  the  data  shown  in 
Figure  II-A2.  For  the  purpose  of  the  calculation,  the  magnet  is  excited  by 
external  means,  until  the  end  of  the  lspre~excitationM  time  as  indicated;  the 
open  circuit  generator  voltage  during  the  pre -excitation  time  varies  as 
shown  by  the  curve  labeled  E  .  At  the  end  of  the  pre -excitation  time,  the 
magnet  is  switched  over  to  tt&  generator  by  starting  the  gas  flow  and  dis¬ 
connecting  the  external  supply. 


Following  changeover  from  external  source  to  generator,  the 
magnetic  field  rises  to  the  design  value  of  35,  000  gauss  (at  the  inlet}  in  a 
period  of  44  seconds  which  basically  ia  then  the  time  required  to  start  the 
Mark  V.  We  should  mention  that  the  load  on  the  downstream  electrodes 
from  which  the  output  is  taken,  may  be  either  connected  or  disconnected 
during  the  excitation  period  without  influencing  the  buildup.  This  occurs 
because  the  generator  flow  is  slightly  supersonic. 


The  self-excitation  process  is  greatly  assisted  by  the  fat. 
that  at  low  values  of  field  strength  during  the  buildup,  the  gas  velocity  is 
much  inci-eased  over  the  steady  state  value  by  the  absence  of  MHL  oody 
forces,  (At  zero  current  in  the  MHD  generator,  ihe  channel  acts  like  an 
isentropic  nozzle,  and  velocities  as  high  as  M  =  2.  3  are  obtu..-  ed  in  the 
excitation  section.)  Since  power  output  is  proportional  to  the  square  of  the 
velocity,  considerable  excitation  power  is  generated,  even  a c  relatively 
low  values  of  magnetic  field. 
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Figure  II -A3  indicates  that  the  field  falls  off  slowly  after 
reaching  the  design  value.  This  is  due  to  coil  heating.  (R  in  Eq.  (1)  is 
not  a  constant.)  The  magnet,  in  dissipating  the  excitation  power,  heats  up, 
since,  ia  the  design  of  the  Mark  V,  the  masrnet  is  uncooled  in  the  interest 
of  simplicity  and  low  cost.  The  heating  ^ttect  could  be  eliminated  by  water 
cooling,  cooling  with  a  liquid  oxidizer,  or  by  use  of  a  superconducting  coil. 

In  actual  practice,  however,  the  Mark  V  field  does  not  vary  as 
rapidly  as  indicated  in  Figure  II-A3,  nor  does  field  variation  of  the  magni¬ 
tude  we  expect  have  a  large  influence  on  the  net  output  of  the  generator.  In 
the  actual  design,  the  excitation  section  is  capable  of  approximately  25% 
greater  output  than  that  required  to  provide  excitation  at  room  temperature 
and  indeed  provides  nearly  full  excitation  at  the  end  of  a  run.  Also,  even  if 
the  field  does  drop  slightly  during  a  run,  the  output  is  not  greatly  affected. 
Tins  occurs  because  reduced  field  means  lower  output  current,  and  hence 
less  pressure  drop  in  the  gas.  Therefore,  as  the  field  drops,  the  gas  speeds 
up  and  the  velocity  increase  in  the  output  section  largely  compensates  for  any 
decrease  in  magnetic  field. 


2.  Principle  of  Excitation  Operation 


The  schematic  of  the  electrical  circuitry  of  the  Mark  V  gen¬ 
erator  is  shown  in  Figure  II-A4, 

The  sequence  of  operation  is  as  follows:  the  generator  re¬ 
quires  an  initial  low  value  of  magnetic  field  of  approximately  3  kilogauss. 
which  ia  secured  by  connecting  a  battery  (B)  to  the  magnet  by  a  switch  |3). 
Hie  gas  flow  is  then  started  and  the  emf  of  the  generator  builds  up.  When 
the  emf  of  the  generator  has  reached  a  value  equal  to  the  battery  voltage, 
the  generator  starts  to  supply  power  to  the  magnet  in  parallel  with  the  bat¬ 
tery.  Hie  battery  current  decreases  as  the  generator  voltage  increases 
and  becomes  zero  when  the  generator  voltage  equals  the  emf  of  the  battery. 
At  this  time  the  switch  (S)  is  opened  and  the  generator  becomes  self-excited. 
When  the  generator  is  shut  down,  the  magnet  becomes  a  voltage  source  due 
to  the  collapsing  field,  but  of  reversed  polarity.  Because  of  the  reversed 
polarity,  the  rectifier  in  the  short  circuiting  loop  conducts,  permitting  the 
energy  stored  in  the  magnetic  field  to  be  dissipated  in  an  orderly  fashion. 

The  battery  bank  is  designed  to  give  a  maximum  initial  field 
o £  tea  kilogauss  which  corresponds  to  approximately  6000  amperes  current 
flow  ia  the  magnet.  If  the  battery  bank  is  disconnected  from  the  magnet 
before  the  generator  voltage  output  is  equal  to  the  battex-y  open  circuit  vol¬ 
tage,  a  sudden  drop  in  generator  output  occurs.  By  having  the  generator 
working  in  parallel  with  the  magnet,  a  faster  excitation  can  be  achieved  and 
also  a-  smoother  transition. 
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3.  Generator  Design  Parameters 


The  parameters  of  the  operating  conditions  are  given  below: 

Mass  flow  60  Kg/sec 

Fuel  Ethyl  alcohol 

Oxidizer  Gaseous  oxygen 

Fuel  flow  19.1  Kg/sec 

Oxidizer  flow  39.8  Kg/sec 

Seed  1%  KOH  by  volume 

Seed  flow  1. 1  Kg/sec  KOH 

Duct  cross  section  Inlet  -  rectangular;  Outlet  -  square 

Combustion  pressure  8  atmospheres  absolute 

Exit  static  pressure  0.  9  atmospheres  absolute 

Magnetic  field  Inlet  -  35,  000  gauss;  Outlet  -  30,  000 

gauss 

Magnet  configuration  Uncooled  copper  (heat  oink  during  3- 

minute  run) 

Magnet  excitation  Self -excitation  by  generator  output, 

with  small  external  excitation  for 
start-up 

These  were  the  parameters  utilized  to  perform  the  detailed  design  of  mag¬ 
net,  burner,  channel  and  auxiliary  systems  for  the  Mark  V  generator.  These 
designs  are  described  below. 

A  more  complete  discussion  of  Mark  V  Generator  design  can 
be  found  in  the  Final  Technical  Report,  "Design,  Development,  and  Test  of 
a  Prototype,  Self -Excited  MHD  Generator, 11  Contract  No.  AF  33(657) -8380, 
April  1964. 


COPPER  MAGNET 


VOLTAGE  (VOLTS) 


Figure  II-A2  V-I  Characteristic  of  the  Mark  V  Self-Excitation  Section 
for  Various  Values  of  Magnetic  Field 
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B.  BURNER  DESIGN 


1.  Design  Requirements  and  Operating  Conditions 

The  burner  is  designed  for  a  normal  flow  of  60  Kg/sec.  This 
flow  is  composed  of  39.8  Kg/sec  gaseous  oxygen,  19. 1  Kg/sec  ethyl  alco¬ 
hol,  and  1. 1  Kg/sec  potassium  hydroxide  (1  mo.le  %  K  in  total  flow).  The 
normal  chamber  pressure  is  8  atm.  In  addition,  the  mass  flow  can  be 
varied  over  the  range  from  25  to  120%  of  the  design  mass  flow  by  changing 
fuel  injectors  and  by  making  appropriate  changes  in  the  fuel  and  oxygen  in¬ 
jection  pressures. 

The  burner  water  cooling  and  structural  design  are  suitable 
for  operation  at  a  flow  rate  exceeding  the  design  flow  by  20%.  The  struc¬ 
tural  design  is  expected  to  give  a  life  of  the  hot  parts,  which  is  commen¬ 
surate  with  the  running  time  required  for  the  test  program.  The  total  run¬ 
ning  time  and  number  of  operating  cycles  is  much  larger  than  is  required 
for  flight  weight  rocket  engines. 

Heat  transfer  rates  were  estimated  from  rocket  engine  prac¬ 
tice  and  by  extrapolation  of  data  obtained  from  previous  experience.  The 
rates  for  the  nozzle  and  chamber  are  reliable  and  conservative  values.  The 
heat  transfer  rate  to  the  injector  plate  depends  on  an  unpredictable  recir¬ 
culation  of  hot  gas,  but  the  design  value  is  conservative.  'Jhe  estimated 
heat  tranter  rates  are  as  follows:  nozzle,  1255  watts/cm  ;  chamber,  904 
watts/crn  ;  injector,  574  watts/cm^.  The  water  passages  were  designed 
for  nucleate  boiling  heat  transfer  with  a  reasonable  safety  factor  to  burn 
out. 

The  design  of  the  fuel  injection  system  is  based  largely  on 
Avco-Everett  Research  Laboratory  experience.  Fuel  and  oxygen  are  in¬ 
jected  with  large  pressure  drops  so  as  to  virtually  eliminate  the  possibility 
of  low  frequency  instability.  The  oxygen  pressure  drop  is  large  enough  to 
produce  sonic  flow  from  the  oxygen  nozzles  and  tb  oxygen  stream  impinges 
on  the  injected  fuel  to  promote  good  atomization  a.  i  mixing. 

Previous  experience  indicated  that  the  nozzle  would  be  most 
difficult  to  design  because  of  the  high  heat  transfer  rate  combined  with  a 
complex  shape  (round  to  rectangular  transition  combined  with  contraction). 
Accordingly,  the  nozzle  design  was  carefully  examined  for  adequate  cooling. 

A  continuously  operating  pilot  burner  is  used  to  insure  prompt 
ignition  in  the  main  burner  during  operation. 

2,  Description  of  Burner 


« 
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The  burner  is  shown  on  Figures  II-B1  and  II-B2. 

The  nozzle,  shown  on  Figure  II-B1,  is  composed  of  two  inner 
pieces  and  an  outer  jacket.  The  inner  portion  was  made  in  two  pieces  to 
simplify  machining  and  to  reduce  the  size  of  the  forging  required.  The 
cooling  is  by  a  system  of  closely  spaced  drilled  holes  with  particular  em¬ 
phasis  on  minimizing  the  wall  thickness  to  reduce  metal  temperature  and 
thermal  stresses.  Due  to  the  massive  construction  of  the  nozzle  the  direct 
stresses  due  to  water  and  gas  pressures  are  quite  low. 

The  burner  chamber,  also  shown  on  Figure  II-B1,  consists  of 
an  inner  liner  and  an  outer  jacket  with  a  ccuiing  water  passage  in  between. 

T’  hner  is  subject  to  external  water  pressure,  and  to  prevent  failure 

1  }  ou  is  reinforced  with  several  ringc.  To  provide  a  reasonably  high 

a..’  cooling  water  velocity,  the  spaces  between  reinforcing  rings 

ai  >  by  filler  rings.  The  inner  liner  is  fixed  at  the  nozzle  end  and 

frev  ^and  axially  at  the  backplate  end,  an  "O"  ring  seal  being  provided 

at  this  point. 


Because  this  burner  is  operated  inside  a  building,  elementary 
safety  considerations  dictated  that  the  outer  shell  of  all  portions  of  the  bur¬ 
ner  should  be  amply  strong.  The  outer  jacket  of  the  chamber  section,  for 
instance,  has  a  theoretical  bursting  pressure  of  185  atm,  which  gives  a 
safety  factor  over  normal  chamber  pressure  of  22. 

The  injector  assembly  is  shown  on  Figure  II-B2.  The  injector 
assembly  is  divided  by  a  series  of  plates  or  diaphragms  to  provide  passages 
for  cooling  water,  oxygen,  and  fuel.  Starting  from  the  left  side  of  the  figure, 
first  is  a  thin  plate  which  forms  the  back  wall  of  the  combustion  chamber. 
Behind  this  plate  is  a  cooling  water  passage.  The  second  plate  contains  the 
oxygen  injectors.  The  third  plate  closes  the  oxygen  passage  and  contains 
the  fuel  injectors.  The  fourth  plate  closes  the  fuel  passage.  The  oxygen 
injectors  have  a  rounded  entrance  for  smooth  flow  and  are  sized  to  produce 
sonic  velocity  at  the  throat. 

The  fuel  injectors  are  concentric  with  the  oxygen  injectors, 
but  the  fuel  jets  are  at  a  45°  angle  to  the  oxygen  stream.  There  are  a  total 
of  60  injectors  arranged  in  four  concentric  circles.  The  effectiveness  of 
this  injector  system  was  checked  by  flow  and  combustion  tests  with  a  single 
injector. 


In  the  center  of  the  injector  assembly  is  the  pilot  burner.  The 
pilot  burner  is  intended  to  rim  continuously  so  as  to  provide  a  constant 
source  of  ignition  in  the  main  burner.  The  pilot  is  started  by  a  very  small 
igniter  burner,  which  is  not  shown  on  the  drawing.  Both  the  pilot  and  ig¬ 
niter  burners  use  gaseous  ethane  as  fuel  and  gaseous  oxygen.  The  all-gas 
system  provides  simple  and  reliable  operation.  The  pilot  burner  will  oper¬ 
ate  at  a  chamber  pressure  of  13.5  atm  and  a  mass  flov  of  0. 1  Kg/ sec. 
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During  assembly  of  the  burner,  some  delays  were  encoun¬ 
tered  because  of  problems  in  fabrication.  The  injector  design  which  evolved 
is,  in  retrospect,  much  more  suitable  for  flight  weight  hardware  and  quan¬ 
tity  production  than  for  use*  in  the  MHD  generator.  Success  with  the  all- 
welded  structure  is  greatly  dependent  on  the  skill  of  the  welder.  The  se** 
lected  hot  face  material,  Inconel  X-750,  requires  meHculous  care  during 
welding  and  heat  treating  to  secure  a  cound  structure  and  suitable  mechan¬ 
ical  properties. 

The  sequence  of  events  with  the  injector  plate  was  as  follows: 
The  first  attempt  at  fabrication  resulted  in  failure  when  the  piece  was  only 
partially  finished.  At  this  time  a  fairly  simple  and  effective  repair  cycle 
was  evolved  which  should  have  produced  a  satisfactory  piece.  At  the  con¬ 
clusion  of  welding  and  heat  trea._ng,  the  injector  was  found  to  Lave  many 
cracked  welds  with  cracks  in  some  cases  running  into  the  base  metal. 

Figure  II-B3  shows  an  oxygen  nozzle  welded  into  place  with  typical  cracked 
welds.  The  failure  was  attributed  to  lack  of  proper  cleanliness  in  making 
the  welds  aud  failure  of  the  heat  treater  to  follow  instructions  regarding 
heating  rate. 


At  the  conclusion  of  the  repair  cycle  the  injector  assembly  was 
carefully  inspected  by  both  X-ray  and  dye  penetrant  methods.  As  a  result 
of  this  inspection,  a  second  repair  cycle  appeared  feasible  which  would  cut 
out  all  weld  metal  and  replace  those  parts  which  showed  cracks.  About 
eight  out  of  sixty  oxygen  nozzles  were  replaced  and  a  new  injector  face  plate 
was  made.  At  the  conclusion  of  welding  and  heat  treating,  the  welds  were 
all  sound,  but  some  of  the  oxygen  nozzles  had  developed  cracks.  The  cracks 
in  the  nozzles  had  possible  developed  from  small  undetected  cracks  which 
were  present  after  the  first  rework,  or  from  some  metallurgical  deteriora¬ 
tion  of  the  material. 

Since  the  Inconel  X-750  injector  assembly  was  not  suitable  for 
operation  at  full  mass  flow,  the  construction  of  a  second  injector  assembly 
was  started.  A  material  change  to  Type  347  stainless  steel  was  made  to  re¬ 
duce  the  likelihood  of  defective  welds  and  to  eliminate  heat  treatment.  As 
in  regard  to  material  properties,  there  is  a  considerable  loss  of  yield 
strength,  but  a  gain  in  ductility  as  compared  to  Inconel  X-750.  Since  this 
piece  operates  in  a  low  cycle  fatigue  regime,  the  net  loss  in  life  appears  to 
be  small. 


In  the  design  of  the  cooling  passages  in  the  injector  plate,  it 
was  anticipated  that  some  flow  guides  might  be  required  to  assure  gooa 
cooling  at  all  locations.  Specifically,  the  water  flow  is  perpendicular  to 
the  cylindrical  exterior  of  the  oxygen  nozzles  and  a  stagnant  wake  was  ex¬ 
pected  behind  each  oxygen  nozzle.  Tc  locate  the  stagnant  areas,  a  trans¬ 
parent  plastic  window  was  attached  to  the  injector  plate  in  place  of  the  face 
plate.  Water  flow  was  then  established  through  the  cooling  passage  and 
flow  guide  wires  were  determined  in  this  manner.  A  photograph  of  this 
test  setup  .:s  shown  in  Figure  JI-B4. 
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Careful  analysis  of  the  cooling  system  in  the  pilot  burner  as 
designed  indicates  that  the  safety  factor  on  burnout  w:s  rather  small.  De¬ 
pendable  operation  of  the  pilot  burner  is  co  nsidered  an  essential  safety  fea¬ 
ture  for  our  application.  Various  s  of  increasing  the  burnout  safety 
factor  were  considered,  and  the  most  satisfactory  appeared  to  be  by  nitro¬ 
gen  dilution.  Diluting  the  oxygen  flow  with  nitrogen  reduced  the  combustion 
gas  enthalpy  and  the  gas -to -wall  heat  transfer  rates,  A  nitrogen-oxygen 
ratio  of  one  was  selected,  which  increased  Lhf  safety  factor  on  burnout  by 
approximately  a  factor  of  two. 

A  modification  of  the  original  pilot  burner  control  svstem  per¬ 
mits  controlled  nitrogen  dilution.  This  modification  will  be  described  under 
Auxiliary  Systems. 

The  pilot  burner  is  started  by  means  of  a  small  igniter  burner 
which  need  operate  for  only  a  few  seconds.  Figure  II-B5  shows  a  cross 
section  of  this  burner.  Oxygen  and  ethane  are  injected  as  shown  and  ignited 
by  a  sparkplug.  The  design  injector  pressures  are  34  atm  and  the  desired 
chamber  pressure  i**  ’7  atm.  The  burner  is  water-cooled,  but  due  t »  the 
construction  of  the  pxioc  burner,  it  is  impossible  to  properly  cool  all  of  the 
throat  section.  Because  of  the  partial  cooling  of  the  throat,  the  running 
time  must  be  limited  to  a  few  seconds  at  the  beginning  of  a  generator  run. 


Figure  II-B2 


X  -  WATER  INLET 
Y -  OXYGEN  INLET 
2  -  FUEL 

1.  INJECTOR  PLATE 

2.  FUEL  CLOSURE  PLATE 

3.  OXYGEN  PLATE 

4.  PILOT  LINER 

5.  PILOT  BURNER  CAP 

6.  WASHER 

7.  CAP  SCREW 

8.  ,:0”  RING 

9.  "O”  RING 

10.  CUEL  inlet  FITTING 

11.  "O”  RING 

12.  CAPSCREW 

13.  SEALING  WASHER 

14.  "O'*  RING 

15.  FUEL  MANIFOLD  DRAIN 

16.  "O’*  RING 

17.  FUEL  INJECTOR 

18.  "0"  RING 
22.  CAP  SCREW 

25.  CONNECTOR,  COOLING  WATER 
27.  SHIM 


Injector  Assembly 
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C.  MAGNET  DESIGN 


A  general  analysis  of  the  performance  of  an  MHD  generator 
indicates  the  desirability  of  operating  with  a  high  magnetic  field  strength. 

As  the  field  strength  is  increased,  the  power  density  in  the  channel  is  in¬ 
creased,  and  for  a  given  output  the  size  of  the  machine  is  reduced.  Reduc¬ 
tion  in  size  gives  a  corresponding  i  eduction  in  heat  loss  to  the  channel  walls. 
Desirable  field  strengths  run  from  30  to  50  kilogauss  or  higher.  Since  the 
saturation  field  strength  of  iron  is  approximately  20  kilogauss,  conventional 
iron  core  magnets  are  not  useful.  Aircore  solenoids  can  be  made  to  produce 
the  required  fields  provided  sufficient  power  is  available  to  drive  them. 


An  MHD  generator  with  linear  channel  geometry  requires  a 
field  magnet  of  approximately  rectangular  shape.  The  calculation  for  the 
field  strength  of  such  a  magnet  gives  the  field  between  a  pair  of  infinitely 
long  parallel  rectangular  conductors: 


B  =  G 


1/2 

) 


B  =  field,  gauss 

G  =  Geometrical  factor 

P  =  Power  dissipation,  watts 

a  =  electrical  conductivity  mhos/cm 

X  =  Space  factor  of  winding 

L  =  length,  cm 

In  a  real  magnet  it  is  assumed  that  the  ends  compensate  for 
the  fact  that  the  sides  are  not  infinitely  long.  This  assumption  is  quite  ac¬ 
curate  if  the  length  to  width  ratio  of  the  magnet  is  greater  than  about  five. 

The  basic  conductor  configuration,  along  with  the  coordinate 
system,  is  shown  inFigure  H-Cl.  The  two  conductors  extend  to  infinity 
in  both  directions;  they  carry  current  in  opposite  directions  with  current 
density  j  amps  so  that  their  fields  reinforce  in  the  gap.  The  coordinate 
ni  system  is  as  shown. 

Plots  of  G(a,  (3)  vs  a  and  p  :e  shown  in  Figure  II-G2.  G 
is  constant  along  each  contour  line.  Minimum  weight  occurs  when  p  times 
(a  -  1)  is  a  minimum  Actually,  however,  the  weight  is  not  sensitive  to 
moderate  departures  from  the  minimum  weight  curve.  The  final  design 
points  for  the  Mark  V  generator  magnet  are  shown  in  Figure  II-C2. 

A  hybrid  magnet  may  be  made  by  adding  iron  pole  pieces  to 
an  aircore  solenoid,  thereby  increasing  the  field  strength  at  a  given  power 
level.  At  higher  field  strengths  the  contribution  of  the  iron  becomes  less 
significant. 
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The  large  power  dissipation  in  an  aircore  magnet  introduces 
some  thermal  problems.  For  continuous  operation  some  form  of  cooling 
is  essential.  For  short  duration  tests  the  conductor  material  may  be  used 
as  a  heat  sink.  In  a  heat  sink  magnet  there  is  an  undesirable  increase  in 
magnet  resistance  as  the  conductor  heats  up  and  a  limiting  temperature  de¬ 
pendent  on  the  materials  of  construction. 

Mechanical  problems  consist  of  fabrication  techniques  and 
structural  reinforcement  to  contain  the  large  forces  developed  on  the  con¬ 
ductors. 


In  designing  an  aircore  magnet  with  a  complex  shape,  the  con¬ 
struction  of  a  scale  model  can  be  very  useful.  By  using  a  suitable  flux- 
meter,  the  field  can  be  surveyed  to  determine  nonuniformities  in  the  working 
area  and  for  calculating  forces  on  the  conductors.  The  model  may  be  oper¬ 
ated  at  low  power  levels  and  field  strength  and  the  results  extrapolated  using 
the  relation  B  «  P*/*.  However,  if  iron  pole  pieces  are  used,  it  will  be 
necessary  to  run  at  full  field  strength  because  of  the  nonlinearity  of  the  iron. 


1.  Detail  Design 


a.  Preliminary  Calculations 


Based  on  early  estimates  of  generator  channel  dimensions, 
several  heat  sink  magnets  were  calculated  ”sing  different  copper  geomet¬ 
ries  and  with  temperature  limits  corresponding  to  AIEE  class  B  and  H  in¬ 
sulation.  The  magnets  were  tapered  to  conform  to  the  channel  dimensions. 
In  all  cases  the  calculations  were  based  on  the  following  figures: 


Run  duration 
Field  at  inlet  end 
Field  at  outlet  end 
Inlet  opening  width 
Outlet  opening  width 
Inside  length 
Space  factor,  X 
Conductor  material 


=  3  min. 

=  35, 000  gauss 

=  30-31,000  determined  by  geometry 
=*  0,7  meter 
c*  1,0  meter 
c*  3,0  meter 
=  .95 
=  copper 


Estimated  copper  weights  varied  from  50,000  to  80,000  Kg. 


26 


Estimated  power  requirements  varied  from  14  to  18  megawatts. 

At  the  same  time  some  thought  was  devoted  to  construction 
techniques  and  estimates  of  the  loads  which  the  reinforcing  structure  must 
carry. 


b.  Evaluation  of  Heat  Sink  vs  Water-Cooled  Design 


As  run  duration  is  increased,  more  copper  must  be  added  to  a 
heat  sink  magnet  in  order  to  limit  the  maximum  temperature.  At  some  run¬ 
ning  time  it  becomes  more  economical  to  build  a  water-cooled  magnet.  For 
the  Mark  V  generator  it  was  estimated  that  a  practical  water-cooled  magnet 
could  be  built  with  about  45,  500  Kg  of  copper.  The  saving  of  15,  900  Kg  oi 
copper  would  not  have  paid  for  the  more  complex  magnet  construction, 
pumps,  and  piping  required  for  a  water-cooled  magnet.  For  a  run  duration 
of  5  minutes  a  heat  sink  magnet  would  weigh  over  91,  000  Kg  and  a  water- 
cooled  magnet  would  clearly  be  more  economical. 


c.  Evaluation  cf  the  Use  of  Iron 


It  is  estimated  that  by  using  iron  pole  pieces  with  a  total  weight 
of  about  60  tons  the  magnet  power  input  could  be  reduced  by  about  30%  and 
the  copper  weight  reduced  by  a  similar  amount.  However,  experience  in¬ 
dicates  that  the  iron  tends  to  spoil  the  field  distribution.  In  addition,  the 
use  of  iron  would  have  made  the  model  magnet  work  far  more  complicated 
and  costly.  Hence,  the  decision  was  made  to  use  an  aircore  magnet. 


d.  Model  Magnet 


Two  model  magnets  were  built  and  tested  with  the  following 

obj  ective  s : 


1)  Verification  of  the  calculated  centerline  field  strength  in  a 
magnet  of  small  length  to  width  ratio. 

2)  Determination  of  field  strength  variations  within  the  gen¬ 
erating  channel. 

3)  Measurement  of  external  field  strength,  this  information 
being  useful  for  the  design  of  the  reinforcing  structure  and  for  estimating 
magnetic  forces  on  adjacent  equipment. 

The  first  model  was  based  on  early  estimates  of  the  channel 
dimensions  and  preliminary  magnet  design  calculations.  This  model  was 
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thoroughly  tested  and  produced  information  for  the  design  of  the  second 
model  and  the  full  sized  magnet.  At  the  completion  of  testing  of  the  first 
model  the  channel  gas  flow  calculations  and  wall  design  had  progressed  to 
the  point  where  final  internal  magnet  dimensions  were  fixed.  Channel  di¬ 
mensions  had  changed  appreciably  from  original  estimates  and  this  fact, 
coupled  with  the  desire  to  minimize  copper  content  and  cost  of  the  final 
magnet,  prompted  the  construction  of  a  second  model  magnet.  The  second 
model  is  virtually  identical  to  the  full  sized  magnet. 

Both  models  were  of  the  same  general  design  and  construction 
and  the  same  testing  equipment  was  used  for  both.  The  models  are  built  to 
a  l/l 6  scale,  are  composed  of  24  turns  of  1  6  mm  sheet  copper.  Each  turn 
waj  cut  from  copper  sh.-iet  and  the  ends  bent  90°  to  form  the  opening  for  the 
channel.  The  turns  were  cut  at  a  convenient  location  to  form  an  open  loop. 
The  ends  of  the  loops  were  then  sprung  slightly  to  permit  butt  brazing  to 
adjacent  loops,  thereby  forming  a  helical  circuit.  The  space  between  the 
turns  permitted  the  use  of  a  forced  air  cooling  system  which  in  turn  allowed 
operation  at  reasonably  and  constant  temperature  for  reasonably  high  current 
and  field  strength.  A  photograph  of  the  first  model  magnet  is  shown  in  Fig¬ 
ure  H-C3. 


In  the  model  testing  program  the  first  objective  was  the  veiJ- 
fication  of  the  calculated  field  strength.  Reference  to  the  design  equation 
will  show  that  all  factors  can  be  scaled  or  accounted  for  except  the  quantity 
!iG,  "  the  geometry  factor.  Careful  measurement  of  field  strength,  puwer 
input,  conductivity  (copper  temperature)  and  space  factor  will  give  actual 
values  of  "G."  The  models  showed  that  the  actual  value  of  "G"  is  5%  higher 
than  computed  values  due  to  the  contribution  of  the  end  turns  to  the  total 
field.  The  second  and  third  test  objectives  of  finding  field  variations  within 
ind  outside  the  magnet  became  a  matter  of  careful  surveying.  Excessive 
variation  inside  the  generating  channel  would  require  redesign  of  the  magnet. 

The  model  magnets  were  excited  by  means  of  a  welding  gener¬ 
ator  at  a  current  of  200  amps.  The  field  strength  was  measured  with  a  ro¬ 
tating  coil  type  gaussmeter  having  1%  accuracy  and  .  1%  sensitivity.  Maxi¬ 
mum  field  values  of  about  380  gauss  were  produced  or  slightly  over  1%  of 
the  design  value  for  the  generator  magnet.  Figure  II-C4  shows  a  longi¬ 
tudinal  centerline  survey  with  full  scale  dimensions  and  shows  the  locations 
of  the  excitation  and  power  sections  of  the  generator  channel.  Figure  II-C5 
is  a  transverse  field  distribution,  measured  in  the  horizontal  central  plane 
of  the  magnet  and  at  approximately  the  junction  of  excitation  and  power  sec¬ 
tions.  To  obtain  this  .survey  the  12th  and  13th  plate  of  the  model  were  sepa¬ 
rated  to  allow  the  insertion  of  the  6.3  mm  diameter  gaussmeter  probe  be¬ 
tween  the  turns.  The  value  of  the  average  field  strength  within  the  copper 
conductors  is  essential  for  calculating  the  forces  on  the  conductors.  Figure 
H-C6  is  a  composite  of  the  field  strength  inside  the  generator  channel  com¬ 
pared  to  the  centerline  field  strength.  It  will  be  seen  that  in  the  excitation 
section  and  the  upstream  end  of  the  power  section,  the  field  strength  varia¬ 
tions  are  moderate,  but  near  the  outlet  of  the  power  section,  due  to  the  rapid 
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divergence  of  the  channel,  the  variations  are  becoming  rather  large.  Al¬ 
though  a  more  uniform  field  would  be  desirable  from  the  standpoint  of 
channel  performance,  it  could  be  obtained  only  at  a  considerable  increase 
in  copper  weight  because  the  present  magnet  geometry  is  near  optimum 
for  minimum  copper  weight. 

The  presentation  of  the  work  with  model  magnets  has  been 
presented  in  considerable  detail  because  it  is  beKeved  that  a  considerable 
saving  in  time  and  cost  has  been  achieved  as  compared  to  a  technically 
feasible  but  cumbersome  computation  program.  In  addition,  the  need  for  a 
large  scale  testing  program  for  the  full  sized  magnet  is  virtually  eliminated, 
since  the  required  information  can  be  reliably  extrapolated  from  the  model 
tests.  '• 


e.  Magnet  Inductance 


The  rapidity  with  which  the  generator  builds  up  to  full  output 
is  dependent,  in  part,  on  the  magnet  inductance.  The  inductance  may  be 
estimated  using  handbook  formulas  for  rectangular  coils.  However,  the  un¬ 
usual  configuration  of  the  ends  of  the  generator  magnet  causes  some  uncer¬ 
tainty  as  to  the  accuracy  of  the  computed  figure.  The  magnet  inductance 
may  also  be  determined  by  measuring  the  inductance  of  the  model  magnet 
experimentally  and  scaling  the  result  to  the  full  sized  magnet.  Using  a  bat¬ 
tery  to  drive  the  model  magnet  the  circuit  time  constant  and  total  resistance 
may  be  determined.  The  model  magnet  inductance  wac  thus  found  to  De 
1.08  x  10 henries.  The  inductance  of  the  full  sized  magnet  is  then: 


* 


where 


Lf  and 


inductance  of  full  size  and  model  magnet, 
respectively 


N-r,  and  N.,  =  number  of  turns  of  full  size  and  model  mag¬ 
i'  M  .  ..  , 

net,  respectively 


S  =  3cale  factor  of  model 

t  '  ■ 

The  estimated  inductance  of  the  full  sized  magnet  is  about  .27  henries,  .Al¬ 
though  no  direct  measurements  have  been  made  it  appears  that  the  actual 
inductance  is  fairly  close  to  this  value. 

In  making  calculations  of  generator  excitation  and  buildup 
time,  the  conservative  value  of  .3  henries  was  used  for  magnet  inluctance. 
This  value  corresponds  closely  with  the  actual  figure. 


f.  Final  Design 


With  finalized  channel  dimensions  and  the  results  of  the  model 
testing  program,  the  final  magnet  design  calculations  could  be  made.  The 
following  procedure  was  used.  The  allowable  temperature  rise  in  the  cop¬ 
per  conductor  is  limited  by  the  properties  of  the  insulation.  An  investiga¬ 
tion  of  various  types  of  insulating  materials  led  to  the  choice  of  Mylar  film. 
Mylar  has  good  strength  at  elevated  temperatures  and  is  fairly  inexpensive 
and  easy  to  work  with.  Previous  experience  indicated  the  desirability  of  a 
fairly  heavy  film  to  resist  mechanical  damage  such  as  puncture  by  small 
chips  or  burrs.  A  0.25  mm  thickness  was  selected.  A  maximum  tempera¬ 
ture  of  175  C  is  possible  with  Myl^r,  but  a  15  allowance  for  current  con¬ 
centration  in  the  corners  plus  a  15  C  allowance  fo^  plate  thickness  tolerance 
brought  the  rjiaximum  average  temperature  to  J45  C.  Starting  at  room  tem¬ 
perature  (25°C),  the  magnet  would  heat  to  145  C  £n  a  full-power  full -duration 
(3  min)  run.  A  current  density  of  1190  amps/cm  was  calculated  to  obtain 
the  required  design  field  strength.  Using  corrected  values  of  the  geometry 
factor  as  determined  by  model  tests  a  conductor  cross  section  can  be  com¬ 
puted  along  with  the  total  power  input  and  total  weight.  The  conductor  di¬ 
mensions  may  be  optimised  for  minimum  copper  weight  and  this  was  done 
but  with  a  alight  bias  toward  extra  height  to  improve  field  distribution.  The 
number  of  turns  required  can  be  computed,  based  on  the  supply  voltage  or 
output  of  the  excitation  section,  and  the  required  power  input.  Layout  of 
the  copper  plates  can  then  be  made  and  final  construction  details  completed. 
The  specifications  of  the  magnet  are  as  follows: 


Field  strength 

35,000  gauss  inlet;  30,000  gauss  outlet 

Width  of  openings 

0.81  meter  inlet;  1,16  meter  outlet 

Active  length 

3. 18'meter 

Overall  length 

4,  52  meter 

Power  requirement 

16-20  Mw 

Current 

22,  000  amps 

Resistance 

0.0318  ohms 

Inductance 

0.  27  henries 

Weight  of  copper 

61,000  Kg 

Number  of  turns 

316 

Conductor  dimensions 

0.00368  x  0.496  meter 

Insulation 

Mylar 

30 


g .  Reinforcement 


The  high  values  of  field  strength  and  current  in  the  generator 
magnet  produce  large  forces  on  the  conductors.  The  magnitude  of  these 
forces  at  any  point  is  equal  to  the  factor  product  j  x  B.  These  forces  are 
far  too  large  to  be  contained  by  the  mechanical  strength  of  the  conductors 
and  therefore  a  reinforcement  system  is  necessary.  The  magnet  may  be 
envisioned  as  a  pressure  vessel  with  an  internal  pressure  of  61  atm,  The 
total  of  all  forces  absorbed  by  the  reinforcing  system  is  of  the  order  of 
4.5  x  106  Kg. 


The  reinforcement  system  was  designed  to  be  built  quickly  and 
cheaply  with  little  regard  for  space  or  weight.  Accordingly,  standard  struc¬ 
tural  shapes  were  used  as  much  as  possible.  The  primary  reinforcement 
consists  of  0.6-meter  I-beams  arranged  in  pairs  along  the  sides  of  the  mag¬ 
net  and  connected  by  tie  rods.  Support  for  die  ends  is  provided  by  rectan¬ 
gular  I-beam  structures  joined  by  longitudinal  tie  rods.  To  prevent  buckling 
of  the  plates  under  compressive  loading,  a  top  structure  is  provided  which 
clamps  the  stack  of  conductors  to  the  magnet  base.  Any  portion  of  the 
structure  which  forms  an  electrical  loop  and  which  intercepts  an  appreciable 
amount  of  flux  could  be  subjected  to  additional  forces  during  magnet  buildup 
or  shutdown.  To  prevent  such  forces  from  developing,  the  structure  is 
provided  with  insulation  to  break  the  loop.  A  cross  section  of  the  magnet 
at  the  exit  end  is  shown  in  Figure  II-C7. 

The  copper  conductors  must,  of  course,  be  insulated  from  the 
reinforcing  structure  and  on  flat  surfaces  this  wa3  done  with  sheets  of  poly¬ 
ester-fiberglass  material.  Along  the  sides  of  the  magnet  the  surfaces  were 
too  irregular  to  permit  the  use  of  sheet  insulation.  On  the  sides  a  small 
space  was  left  between  the  conductors  and  the  steel  beams.  This  space  was 
filled  with  an  epoxy  potting  mixture.  The  inside  of  the  magnet  was  coated 
with  a  similar  epoxy  rnixtu  re  but  thickened  with  a  flow  control  agent  to  a 
putty-like  consistency.  The  inside  coating  is  intended  to  prevent  accidental 
short  circuiting  of  the  power  connections  to  the  channel  and  to  provide  some 
short-term  protection  for  the  magnet  in  the  event  of  a  bad  hot  gas  leak  in 
the  channel  wall. 


2.  Construction 


a.  Methods 


During  the  designing  of  the  magnet,  considerable  time  was 
directed  to  exploring  construction  methods.  Essentially,  there  arc  threi 
problems;  the  effect  of  copper  sheet  size  and  grade  upon  price;  the  method 
of  building  and  connecting  turns;  and  the  problem  of  dimensional  tolerances 
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and  allovances.  In  the  construction  finally  adopted,  the  ends  are  cut  and 
formed  from  moderate  size  plates  and  the  sides  consist  of  comparatively 
narrow  plates.  The  joints  are  welded  by  a  tungsten  arc  inert  gas  shielded 
process.  Figure  II-C8  is  a  photograph  showing  the  copper  portion  of  the 
magnet  and  Figure  Ii-C9  shows  the  magnet  completely  assembled. 

Ordinarily,  welding  of  copper  is  considered  practical  only  for 
the  oxygen-free  grades.  However,  the  higher  price  of  oxygen-free  copper 
encouiaged  an  investigation  into  the  feasibility  of  welding  tough  pitch  copper 
which  has  an  apprec-'’  ’  oxygen  content.  Two  potential  copper  suppliers 
made  some  samp]  .  in  tough  pitch  copper  which  had  verv  satisfactory 

mechanical  and  ele  .  ..cal  properties.  Accordingly,  the  tough  pitch  copper 
was  ordered  and  a  welding  fixture  was  designed. 

The  use  of  the  shielded  tungsten  arc  tc  weld  copper  is  not  un¬ 
usual,  but  this  > articular  application  presented  several  uew  problems  which 
took  a  considerable  ti.  le  to  solve.  The  most  important  of  these  was  the  de¬ 
sign  of  a  portable  but  rigid,  semi-automatic  welding  fixture  and  the  necessity 
of  producing  welds  with  a  flush  underside  to  eliminate  the  dressing  and  clean¬ 
ing  lie  weid  at  a  location  difficult  to  reach  and  to  keep  clean. 


b.  The  Welding  Fixture 


A  cross  section  of  the  welding  fixture  may  be  seen  in  Figure 
II-C10.  The  fixture  is  constructed  almost  entirely  of  aluminum,  It  consists 
of  an  aluminum  base  (1)  with  supports  bolted  to  each  end.  These  supports 
hold  guide  bars  (2)  and  a  driving  lead  screw  (3)  which  run  parallel  to  the 
direction  of  the  weld.  The  screw  is  driven  by  a  small  AC  motor  and  gear 
box.  The  speed  of  feed  can  be  changed  by  moving  the  drive  belt  to  different 
steps  on  the  pulleys.  The  clamping  bars  (4)  are  designed  in  two  sections 
connected  by  springs  (5).  As  the  top  bar  is  bolted  down  on  Mia  ends,  the 
springs  transfer  the  load  to  the  bottom  clamp  bar  to  hold  the  copper  (6) 
firmly  in  position.  A  flat  carbon  bar  (7)  is  inserted  into  the  water  cccl^i 
aluminum  base  as  a  backing  for  the  weld.  The  welding  torch  (8)  is  a  stan¬ 
dard  ine^t  gas  shielded  tungsten  arc  machine  holder.  The  welding  head  is 
supported  bv  i  ring  clamp  (10)  attached  to  a  plate  which  is  mounted  u  the 
guide  bars  ar.d  driven  by  the  screw. 


c.  Development  of  Welding  Technique 


To  obtain  a  satisfactory  welding  technique  required  the  making 
of  many  est  welds  in  which  approximately  a  dozen  parameters  were  varied. 
Some  of  Tie  difficulties  wnich  had  to  be  overcome  were:  the  elimination  of 
arc  t'.ow  due  to  location  of  ground  leads  and  external  fields,  t  ie  ’ack  of 
complete  v  Id  penetration,  embrittlement  and  porosity  becaus  !  -  *  current, 
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speed,  type  of  carbon  backing,  type  and  diameter  of  electrode,  3hapr  of 
electrode  point,  gas  flow,  condition  of  plates,  and  direction  of  Iced.  The 
final  technique  arrived  at  gives  ductile  welds  on  both  top  and  root,  complete 
penetration,  elimination  of  arc  blow,  a  flat  back,  and  no  porosity. 

The  technique  consists  of  che  following  conditions  which  must 
be  kept  constant: 

1)  A  welding  current  of  405  to  415  amps 

2)  A  welding  speed  of  0.25  meters  per  minute 

3)  A  4.75-mm  diameter  2%  thoriated  tungsten  welding  elec¬ 
trode 

4)  A  helium  flow  of  0.  15  Kg  /hr 

5)  A  pure  carbon  backing  material 

6)  Spring  loaded  aluminui  ,  clamping  bar  tightened  to  a  speci¬ 
fic  load 

7)  A  specific  shape  of  electrode  tip  (see  Detail  A  of  Figure 

H-C8) 

8)  The  electrode  tip  located  1.9  mm  above  the  filler  material 
(see  Detail  A  of  Figure  II-C10) 

9)  Top  edges  of  plates  radiused  along  the  weld 

10)  All  edges  and  surfaces  ox  the  plates  around  the  weld  must 
be  perfectly  clean 

11)  The  electrical  ground  leads  fastened  to  the  copper  plates 
and  located  such  that  the  weld  is  always  made  toward  the  grounding  point 

12)  The  fixture  located  so  that  the  direction  of  the  arc  feed  is 
always  from  the  inside  of  the  magnet  towards  the  outside  with  the  motor  end 
of  the  fixture  always  on  the  outside  of  ,he  base. 

Methods  were  also  developed  to  remove  a  bad  weld  in  the  event 
a  wold  made  on  the  magnet  was  not  of  good  quality. 
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1/16  SCALE  MODEL  MAGNET 
OF  MARK  V  GENERATOR 


FIELD  STREN 


PERCENT  OF  CENTERLINE  FIELD  STRENGTH 


Figure  U-C6  Variation  of  the  Field  Strength  Along  the  Channel  Walls  in 
the  Flow  Direction  Taken  in  the  Model  Magnet 
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Figure  IT-C10  Sketch  of  the  Welding  Apparatus  Used  in  Building  the 
Mark  V  Generator  Magnet 


D.  CHANNEL  DESIGN 


The  channel  configuration  is  shown  in  Figure  H-Dl.  The 
channel  is  divided  into  four  sections;  inlet,  excitation,  power,  and  outlet. 

The  inlet  section  guides  the  flow  from  the  burner  nozzle,  through  the  mag¬ 
net  end,  into  the  excitation  section.  It  also  serves  as  an  electrical  insulator 
between  the  combustion  chamber  nozzle  and  the  excitation  section  which 
starts  at  the  point  of  maximum  field  strength.  Figure  II-D1  shows  the  length 
and  cross  sections  for  the  channel  as  well  as  the  arrangement  and  numbering 
of  electrodes.  The  nine  electrodes  in  the  downstream  end  of  the  inlet  section 
are  segmented  and  numbered  II  through  91.  The  electrodes  in  the  excitation 
section  are  mounted  on  a  continuous  slab,  with  the  exception  of  the  down¬ 
stream  end  which  has  nine  segmented  electrodes  numbered  IS  through  8S 
and  9sx.  Electrode  9sx  is  located  in  the  junction  between  the  excitation  and 
net  power  sections.  The  electrodes  in  the  net  power  section  are  numbered 
1  through  50.  In  the  exit  section  are  non-working  copper  slabs  with  the 
same  general  arrangement  as  electrodes.  These  slabs  are  numbered  51 
through  53  and  EX1  through  EX18. 

The  excitation  section  is  that  part  of  the  MHD  channel  from 
which  the  power,  required  to  energize  the  magnet,  is  extracted  from  the 
working  fluid.  For  reasons  to  be  described  below,  a  single,  continuous 
(non-segmented)  electrode  pair  is  used  in  the  excitation  section.  This  sec¬ 
tion  has  a  power  output  of  18  Mw  at  full  field  strength,  and  starts  with  a 
rectangular  cross  section  of  0. 126  square  meters  and  diverges  to  a  square 
cross  section  of  0.253  square  meters.  Most  of  this  area  increase  is  at¬ 
tained  by  diverging  the  two  insulating  walls  which  connect  the  electrode  walls. 
The  electrode  distance  along  this  part  of  the  channel  is  therefore  nearly  con¬ 
stant,  which  together  with  the  magnetic  field  and  gas  velocity  variation  along 
the  excitation  section,  makes  it  possible  to  maintain  a  constant  output  voltage. 

By  accomplishing  this,  it  becomes  possible  to  utilize  the  total 
current  flow  in  the  excitation  section  of  the  channel  ;22,  000  amps)  to  ener¬ 
gize  the  magnet.  Since  the  magnetic  field  strength,  for  a  conductor  of  given 
geometry,  is  proportional  to  the  number  of  ampere  turns,  the  use  of  the 
total  current  through  this  part  of  the  generator  gives  the  smallest  number 
of  turns  in  the  magnet  and  therefore  a  magnet  ot  simplified  construction. 
However,  one  disadvantage  was  that  a  reduction  in  the  power  output  per  unit 
volume  of  the  gas  flow  is  experienced  by  using  a  i  on-segmented  electrode 
pair,  because  the  Hall  potential  is  allowed  to  short  out.  The  fact  that  the 
values  of  COT  are  low  in  the  first  part  of  t''e  channel  makes  it  feasible  to  use 
this  design  and  locate  the  excitation  section  in  the  high  pressure  (low  u>T ) 
inlet  section  of  the  channel. 

The  power  section  starts  from  the  exit  of  the  excitation  sec¬ 
tion,  and  diverges  in  both  directions  to  a  square  cross  section  of  0.56  square 
meters  in  a  length  of  1,  38  meters.  The  power  section  of  the  channel  ends  at 
a  point  where  the  magnetic  ri-id  strength  on  the  centerline  of  the  gas  flow  is 

30  kG. 
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The  power  section  utilizes  segmented  electrodes  and  therefore 
gives  a  higher  efficiency  than  the  excitation  section  due  to  the  increased  gas 
conductivity.  Fifty  electrode  pairs  are  used,  with  each  pair  having  a  power 
output  of  approximately  0.  40  Mw.  Each  electrode  pair  is  connected  to  its 
'individual  load  resistor  which  is  made  of  water  cooled  stainless  steel  tubes. 

The  outlet  section  serves  the  same  purpose  as  the  inlet  section 
by  being  an  electrical  insulator  and  a  flow  passage  through  the  hole  in  the 
end  of  the  magnet  into  the  exhaust  duct. 

Also  included  as  a  portion  of  the  channel  design  v/as  a  dummy 
channel  to  be  used  as  apart  of  the  burner  test  program,  a  wooden  mock-up 
of  the  actual  channel  to  check  dimensions  and  fix  the  centerline  of  the  gen¬ 
erator,  and  a  channel  extension  pipe  and  exhaust  duct  for  conveying  the 
generator  exhaust  gases  and  cooling  water  from  the  test  cell. 

A  sketch,  schematically  illustrating  the  electrode  and  insulating 
walls  can  be  seen  in  Figure  II-D2.  Voltages  at  various  important  junctions 
along  the  length  of  the  channel  are  also  shown  in  the  sketch. 

The  channel  wall  materials  have  to  withstand  relatively  high 
temperatures,  high  local  gas  velocities,  the  chemical  action  of  a  corrosive 
and  oxidizing  atmosphere,  and  high  thermal  and  mechanical  stresses.  Since 
the  rate  of  energy  release  is  high,  the  walls  have  to  withstand  an  initial 
thermal  shock  and  permit  high  heat  transfer  rates  and  thermal  expansion. 

The  requisite  properties  of  a  channel  are  that  it  must  be  an  ef¬ 
fective  electrical  insulator  in  the  plane  of  the  wall  and  either  conduct  heat 
normal  to  itself  or  operate  with  its  surface  temperature  very  nearly  equal 
to  the  temperature  of  the  gas.  Since  MHD  generator  technology  is  such  that 
the  lowest  gas  temperature  in  the  generator  is  approximately  equal  to  the 
maximum  temperatures  which  can  be  tolerated  by  refractory  materials,  a 
wall  whose  surface  was  entirely  refractory  would  have  to  be  subjected  to 
long  warm-up  and  cool-dcwn  periods  to  prevent  destructive  thermal  shock. 
This  could  have  important  consequences  when  quick  and  repeated  operation 
is  required.  On  the  other  hand,  if  the  wall  temperature  is  reduced  below 
that  of  the  gas,  there  is  appreciable  heat  transfer-  and  the  wall  must  be  a 
good  thermal  conductor  in  order  to  transfer  the  heat  to  a  coolant. 


1.  Channel 


a.  Segmentation 


In  each  section  of  the  channel  there  are  two  vertical  electrode 
walls  and  two  horizontal  insulating  walls.  The  design  of  both  the  insulating 
and  electrode  walls  utilizes  water-cooled  metal  segments  previously  used 


in  other  Avco  MHD  generator  designs.  The  metal  segments  are  separated 
by  thin  sections  of  refractory  material  to  stand  off  the  electric  field  poten¬ 
tial.  The  principle  of  operation  for  this  type  of  construction  is  illustrated 
in  Figure  II-D3.  The  metallic  segments  conduct  the  heat  transferred  from 
the  gas  into  a  coolant  which  can  be  circulated  through  Che  elements.  The 
refractory  provides  a  high  temperature  electrical  insulation  between  the 
metallic  elements.  The  refractory  is  in  fact  a  poor  thermal  conductor  and 
may  be  used  onlv where  its  surface  temperature  can  be  held  to  a  tolerable 
value  by  the  use  of  thin  sectione.  The  pitch,  d,  between  the  metallic  pegs 
is  determined  by  the  value  of  the  local  electric  field,  E.  together  with  the 
value  of  an  arc  burning  voltage,  V  ,  typical  of  the  working  gas,  and  the 
metallic  elements  which  can  be  considered  to  have  properties  similar  to 
cold  electrodes.  E,  B,  and  U  are  the  electric  and  velocity,  respectively. 

As  long  as  the  product  of  E  and  d  is  less  than  V  ,  there  will  be  no  break¬ 
down  to  the  metallic  elements,  and  the  current  wul  flow  in  the  gas. 

A  total  Hall  potential  of  1750  volts  was  obtained  in  the  flow 
calculations  over  the  length  of  the  net  power  output  section.  Based  on  earl¬ 
ier  experience,  a  voltage  difference  between  electrodes  of  40  volts  was  pro¬ 
ven  satisfactory;  therefore,  50  electrode  pairs  were  chosen  for  the  net  power 
output  section,  giving  an  average  voltage  between  adjacent  electrodes  of  35 
volts. 

In  the  electrode  wall,  segments  are  used  in  the  inlet  section  to 
insulate  the  self-excitation  section  from  the  burner  which  is  grounded.  In 
the  self -excitation  section,  a  single  continuous  electrode  is  used  for  pro¬ 
viding  electrical  power  to  the  magnet;  however,  provisions  have  been  made 
to  utilize  the  exit  part  of  this  section  for  additional  net  power  output  in  the 
event  that  power  required  for  magnet  energization  can  be  successfully  at¬ 
tained  with  less  than  the  entire  section.  For  this  purpose,  segmented  elec¬ 
trodes  have  been  included  in  the  design,  which  can  be  uncoupled  from  the 
magnet  and  connected  to  individual  load  resistors.  In  the  power  output  sec¬ 
tion,  segmented  electrodes  are  used,  each  electrode  being  connected  to  an 
individual  load  resistor.  In  the  outlet  section,  segmented  slabs  are  used  to 
isolate  the  power  output  section  from  a  metal  exhaust  tube  used  to  discharge 
the  gases  to  the  atmosphere. 

In  the  insulating  wall,  the  inlet  section  consists  of  a  continuous 
slab  and  then  successive  rows  of  pegs  to  insulate  the  self-excitation  section 
from  the  burner,  and  to  insulate  against  the  transverse  field.  Figure  II-D4 
shows  a  section  of  the  insulating  wall  being  assembled.  In  the  self -excita¬ 
tion  section,  axial  tubes  are  used  to  provide  transverse  insulation,  axial 
segmentation  not  being  required  since  there  is  no  axial  field.  At  the  exit 
of  the  self-excitation  section,  there  is  a  provision  for  both  axial  and  trans¬ 
verse  insulation,  which  will  be  required  in  the  event  that  any  of  the  segmented 
electrodes  in  this  section  are  used  for  net  power  output.  In  the  power  output 
section,  insulation  exists  both  axially  and  transversely.  In  the  outlet  sec¬ 
tion  axial  segmentation  is  used  to  insulate  from  the  exhaust  duct,  and  trans¬ 
verse  segments  to  stand  off  the  transverse  voltage  differential. 
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b.  Heat  Transfer 


The  channel  insulating  and  electrode  walls  have  been  designed 
to  withstand  heat  transfer  rates  20  percent  above  those  expected  at  the  rated 
gas  flow  condition.  The  maximum  heat  transfer  rate  at  this  condition  occurs 
at  the  channel  inlet  section,  where  the  heat  transfer  rate  from  the  gas  to  the 
metal  surface  is  estimated  at  1100  watts/cm  .  Because  of  the  high  heat 
transfer  rates,  copper,  with  its  high  thermal  conductivity  is  used  for  the 
metallic  segments.  The  maximum  metal  surface  temperature  occurs  at  the 
inlet  section  and  is  approximately  425°C.  Copper  was  also  selected  for  all 
gas  side  metal  elements  because  of  its  high  heat  transfer  rates  and  past  ex¬ 
perience  in  channel  design  dictates  its  advantages.  The  variation  of  calcula¬ 
ted  heat  flux,  and  copper  surface  temperatures,  along  the  length  of  the  in¬ 
sulating  wall,  may  be  seen  in  Figure  H-D5.  The  elec  .rode  walls  have  also 
been  designed  to  withstand  heat  transfer  rates  equivalent  to  that  of  the  in¬ 
sulating  walls. 

The  cumulative  heat  loss  along  the  length  of  the  channel  walls 
is  shown  in  Figure  U-D6.  Separate  curves  are  drawn  for  both  the  insulating 
and  electrode  walls,  the  heat  loss  being  9.4  Mw  for  one  insulating  wall  and 
7.7  Mw  for  one  electrode  wall.  The  total  heat  loss  to  all  four  walls  is 
therefore  34.2  Mw. 

The  water  flow  rate  requirement  was  determined  by  selecting 
a  safe  permissible  water  bulk  temperature  rise  and  then  calculating  the 
quantity  of  water  necessary  to  maintain  that  rise.  Figure  H-D7  indicates 
ths  cumulative  bulk  rise  along  the  channel  length  is  44° C  at  a  flow  of  3000 
liters/min  for  the  insulating  wall,  and  64°C  at  1700  liters/min  for  the  elec¬ 
trode  wall.  The  total  channel  cooling  water  flow  rate  is  thus  9400  liters/ 
min.  To  maintain  a  simple  design  of  the  water  cooling  system,  water  flows 
through  the  channel  in  a  single  pass,  with  water  entering  at  the  inlet  section 
and  leaving  at  the  exit  section,  where  it  is  further  utilized  to  quench  the  ex¬ 
haust  gas  discharging  from  the  generator.  The  total  water  pressure  drop 
through  the  channel  walls  is  approximately  13.6  atm. 


c  Electrode  Design 


The  functions  of  the  electrodes  in  an  MHD  generator  serve  the 
same  purpose  as  the  brushes  in  a  conventional  generator:  to  provide  a  good 
connection  between  the  generator  armature  and  its  load  circuit.  As  in  the 
conventional  generator,  losses  are  associated  with  this  function.  In  an 
MHD  generator,  however,  the  problems  are  more  severe  because  the  elec¬ 
trodes  have  to  provide  a  good  contact  betweci  a  moving  gas  which  is  a 
relatively  poor  electrical  conductor  and  the  external  electrical  load  circuit. 
Due  to  the  nature  of  this  problem,  the  losses  associated  with  this  function 
in  an  MHD  generator  have  more  influence  on  the  generator  output  (perfor¬ 
mance)  than  do  the  brush  losses  in  the  conventional  generator.  The  direct 
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electrical  losses  occurring  in  the  immediate  vicinity  of  the  electrode  sur¬ 
face  defines  the  electrode  drop.  These  losses  are  of  two  natures;  one  is 
the  loss  associated  with  charge  transfer  at  fee  electrode  surface*  and  the 
second  with  joule  loss  due  to  fee  current  passage  through  a  thin  aerodynamic 
boundary  layer  existing  over  the  electrodes,  as  well  as  joule  dissipation  in 
the  electrode  itself. 

To  secure  thermionic  emission  from  the  electrodes,  they  must 
be  heated  to  a  high  temperature.  The  desired  electrode  surface  tempera*1 
ture  can  be  obtained  by  convective  heat  transfer  from  the  gas  if  the  dimen¬ 
sions  of  the  electrode  material  are  well  chosen.  Another  important  factor 
in  the  design  of  the  electrodes  is  that  the  electrodes  have  to  reach  emission 
temperature  within  a  few  seconds.  In  a  self-excited  gene  ator  this  time  is 
adequate  i  Ince  the  generator  operates  in  parallel  with  t'  oattery  bank  for  a 
few  seconds  immediately  after  fee  burner  is  fired. 

The  surface  temperature  of  the  electrodes  also  determines  the 
thermal  gradient  within  the  boundary  layer  for  a  given  flow  condition.  The 
temperature  gradient  within  fee  boundary  layer  results  in  a  large  variations 
of  conductivity  within  it  and  therefore  large  joule  losses. 

From  the  above  mentioned  facts,  the  conclusion  can  be  drawn 
that  it  is  desirable  to  have  as  high  an  electrode  surface  temperature  as  pos¬ 
sible.  However,  the  mechanical  and  thermal  properties  of  the  electrode 
materials  limit  fee  temperature.  The  original  plan  was  to  utilize  a  replace¬ 
able  carbon  or  graphite  electrode  which  would  be  consumed  during  testing. 
Results  of  tests  performed  outside  the  original  contract  indicated  feat  a 
semi -permanent  copper -zircoa  electrode  would  be  more  suitable  than  a 
consumable  electrode  for  the  Mark  V  generator. 

Experience  with  stabilized  zirconia  has  shown  that  the  required 
emission  is  obtained  at  temperatures  of  between  2000  and  2500°K,  and  feat 
the  joule  losses  in  the  boundary  layer  as  well  as  the  internal  joule  dissipa¬ 
tion,  become  small  at  these  temperatures.  However,  it  lacks  sufficient 
mechanical  properties,  which  necessitated  the  use  of  copper  as  the  retainer. 

Zirconia  shows  quite  an  important  drop  in  its  mechanical 
strength,  but  retains  enough  strength  for  the  groove  design.  In  this  design, 
the  shear  stresses  are  taken  by  a  high  strength,  low  temperature  metal 
which  also  acts  as  a  low  electrical  resistance  path.  Zirconia  has  a  small 
coefficient  of  thermal  expansion  and  has  demonstrated  good  resistance  to 
thermal  shock. 

Wife  the  anisotropic  groove  design  as  originally  used,  zirconia 
was  found  to  have  a  good  resistance  to  erosion.  Further,  zirconia  bears 
the  thermal  stresses  better  than  most  ceramics  and  the  groove  design  rein¬ 
forces  this  resistance.  The  corrosive  action  is  not  a  problem  In  the  Mark  V 
generator  due  to  the  three-minute  duration  of  fee  rims. 
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The  electrode  design  essentially  consisted  of  a  water-cooled 
copper  bar  with  two  milled  grooves  to  retain  the  zircoa.  This  design  pro¬ 
vides  cold  edges  between  adjacent  electrodes  which  helps  prevent  electrical 
breakdown.  The  groove  dimensions  were  varied  to  maintain  a  constant  but 
sufficient  electrode  surface  temperature  throughout  the  channel.  Figure 
II-D8  shows  a  section  of  the  electrode  wall  being  assembled. 


d.  Structure  and  Materials 


The  channel  insulating  walls  are  made  up  of  the  individual  cop¬ 
per  segments  which  are  mounted  to  plastic  plates  composed  of  a  glass  epoxy 
laminate.  This  plastic  material  was  selected  because  of  its  relatively  high 
strength,  fairly  high  temperature  resistance,  and  good  electrical  insulation 
qualities.  Plastic,  however,  has  a  low  modulus  of  elasticity,  and  hence  it 
was  necessai'y  that  the  plates  be  reinforced  to  limit  the  deflection  resulting 
from  the  high  pressures  of  the  generator  working  fluid.  The  reinforcement 
is  provided  by  stainless  steel  ribs,  located  at  specific  intervals  along  the 
channel  to  limit  the  wall  deflection.  The  structural  ribs  insure  not  only 
the  structural  integrity  of  the  channel,  but  they  also  maintain  an  alignment 
of  the  various  components  which  is  well  within  the  limits  successfully  en¬ 
countered  in  previous  channel  designs. 

The  structural  reinforcement  of  the  electrode  walls  is  consid¬ 
erably  varied  from  that  of  the  insulating  walls.  Each  individual  segmented 
electrode  is  supported  by  its  own  stainless  steel  bar.  This  bar  is  sand¬ 
wiched  between  the  electrode  and  a  plastic  plate,  which  is  of  the  same  ma¬ 
terial  used  in  the  insulating  walls.  The  Jtainless  support  bars  are  exactly 
the  same  width  as  the  electrodes  and  vary  in  thickness  as  the  wall  loading 
varies.  These  bars  in  the  electrode  wall  add  to  the  structural  integrity  of 
the  channel,  since  the  plastic  on  the  insulating  wall  bolts  to  these  bars  ac¬ 
cepting  some  of  the  load  from  the  insulating  walls.  A  picture  of  the  com¬ 
pleted  channel  is  shown  in  Figure  H-D9. 

Figure  II-D10  shows  the  variation  in  channel  wall  deflection 
with  channel  length  for  both  the  insulating  wall  reinforcing  ribs  and  the  elec¬ 
trode  reinforcements.  The  gas  pressures  used  in  these  calculations  are 
also  shown  in  this  figure. 

The  material  used  for  electrical  insulation  between  the  metallic 
segments  is  an  alumina  castable  with  a  calcium  aluminate  cement  binder. 
This  material  has  been  proven  to  be  the  most  satisfactory  yet  discovered  in 
the  various  channel  and  electrode  tests  conducted  at  the  Avco-Everett  Re¬ 
search  Laboratory,  as  its  resistance  remains  relatively  satisfactory  to 
very  high  temperatures. 

The  entire  channel  assembly  is  mounted  directly  and  perma¬ 
nently  to  a  stainless  steel  chassis.  The  chassis  is  designed  with  a  longi¬ 
tudinal  angle  iron  section,  having  the  proper  angles  to  accept  the  channel 
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w  Is.  The  base  of  these  sections  is  a  solid  stainless  ste^t  bar  into  which 
axe  mounted  ball  bearing  rollers  on  which  the  channel  will  be  moved.  The 
two  sections  are  connected  together  transversely  by  angle  struts  which  are 
insulated  such  that  no  electrical  circuits  ^an  exist  from  one  longitudinal 
section  to  the  other.  The  channel  is  also  insulated  electrically  from  the 
chassis. 

The  cltannei  rob’  -out  stand  is  a  structural  steel  truck  mounted 
on  three  sets  of  casters.  A  set  of  rails  is  located  on  the  top  to  accept  the 
rollers  of  the  channel  chassis.  The  roll-out  stand  was  used  for  an  assembly 
table  for  the  channel  ”id  a  star  d  onto  which  the  channel  can  be  removed 
directly  from  the  generator  magnet  for  maintenance  purposes. 

A  rail  system  on  the  test  cell  floor  allows  the  roll-out  stand 
to  be  moved  aside  from  the  generator  when  tests  are  conduced. 


2.  Dummy  Channel 


To  provide  a  method  for  in-place  burner  testing  before  re¬ 
ceipt  of  the  final  channel,  a  dummy  channel  was  constructed.  This  channel 
consists  of  an  inlet  flange  used  to  connect  the  channel  with  the  burner.  The 
channel  is  then  made  of  two  concentric  steel  pipes  which  form  an  annulus 
for  cooling  water  flow.  The  pipes  are  connected  together  structurally  at 
strategic  points  along  the  channel  length  to  prevent  buckling  of  the  internal 
pipe  when  water  pressure  is  applied.  A  cooling  water  ^ow  of  9400  liters/ 
min  passes  through  the  annulus,  and  is  discharged  through  fixed  orifices  at 
the  end  of  the  pipe  directly  into  the  exhaust  duct. 

Another  5700  liters/min  of  water  Is  injected  through  orifices 
at  the  inlet  flange  to  partially  quench  the  hot  gaa  on  the  inside  surface  of 
the  pipe.  This  injection  is  required  1  '  reduce  thermal  stresses  rn  the  in¬ 
side  pipe  to  a  tolerable  level.  The  dummy  channel  is  mounted  on  rollers 
so  it  can  be  moved  on  the  same  rails,  inside  the  magnet,  which  support 
the  real  channel.  A  photograph  of  the  completed  dummy  channel  ma,  be 
seen  in  Figure  XI-D1 1 . 


3.  Channel  Extension  and  Exhaus*  Duct 


The  channel  extension  is  a  1.2-meter  diameter  steel  pipe 
which  is  0.79  meters  long,  with  a  6.35  mm  wall  thickness.  The  xan  ;tion 
of  this  part  is  to  extend  the  channel  through  the  steel  framework  forming 
the  magnet  eupport  structure  and  conduct  the  working  fluid  into  the  exhaust 
duct.  This  section  ic  film  cooled  by  water  injected  tangentially  at  two  points 
and  by  the  cooling  water  ejected  from  the  channel. 
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The  exhaust  duct  is  used  to  conduct  the  generator  Sases  from 
the  channel,  out  of  the  test  cell,  and  into  the  atmosphere.  The  duct  ie 
2.44  meters  in  diameter,  10.7  meters  long,  and  is  made  of  low  carbon  steel 
(Figure  X1-D12).  It  is  designed  with  three  sets  of  casters  so  that  it  may  be 
rolled  away  from  the  generator.  The  purpose  of  this  is  to  allow  room  for 
extraction  of  the  cnanrel  from  the  magnet.  The  water  used  to  cool  the  load 
resistors  is  injected  into  the  gas  stream  at  the  inlet  of  the  duct,  wht  re  it 
quenches  the  exhaust  gases. 

The  duct  is  completely  insulated  from  ground  by  insulating  the 
casters  and  cooling  water  inlet  flange.  There  is  also  an  air  gap  between 
the  channel  extension  piece  and  exhaust  duct,  so  there  is  no  direct  connec¬ 
tion  to  the  channel. 


Figure  H-D2 
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Figure  II-D3  Principle  c£  Water  Cooled  Wall 
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Figure  II-D5  Heat  Transfer  and  Surface  Temperature  for  Insulating  Walls 
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E.  AUXIUARY  SYSTEMS  DESIGN 
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1 .  General  A  r  rang  ,*m  ent 


The  generator  it  sell  consists  of  three  essential  items:  burner, 
magnet  and  channel,  which  require  the  use  of  auxiliary  systems  to  provide 
the  necessary  cooling  water,  fuels,  and  generator  controls.  The  general 
arrangement  of  the  equipment  and  systems  may  he  seen  in  Figure  H-£i. 

The  final  design  of  these  components  Is  based  on  the  parameters 
resulting  from  the  design  analysis  and  an  intimate  .knowledge  of  the  genera¬ 
tor  component  requirements.  These  systems  are,  for  the  moot  part,  de¬ 
signed  to  he  as  simple  and  inexpensive  as  possible  and  are  fabricated  from 
off-the-shelf  items. 

Their  existence  may  he  considered  secondary  to  the  major 
generator  components?  however,  the  opposite  is  true,  as  they  arc  required 
to  operate  in  such  a  manner  as  to  insure  proper  operation  of  the  generator, 
since  the  failure  of  these  systems  to  perform  their  functions  properly  could 
result  in  serious  damage  to  one  or  more  of  the  major  components.  Fox  this 
reason,  they -were  .designed  with  great  care  and  special  attention  was  paid 
to  the  effect  of  failure  of  one  or  more  .of  these  systems  on  the  overall  gen¬ 
erator. 


2 .  Burner  .Systems  and  ^Controls 
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Each  auxiliary  system  basically  consists  of  a  storage  and  . a  con¬ 
trol  system.  Bulk  storage  facilities  lor  oxygen,  fuel  and  water  are  located 
outside  of  and  away  from  the  test  cell. 

A  suitable  control  system,  consisting  of  regulating  and  shut¬ 
off  valves,  is  employed  to  control  the  flow  of  each  system  and  to  permit 
orderly  starting  and  stopping  of  combustion,  A  nitrogen  system  is  utilised 
for  toe  purpose  of  purging  toe  burner  and  channel  of  combustibles,  immed¬ 
iately  before  and  after  operation  of  the  burner. 

The  design  of  toe  control  system  has  been  performed  with  cer¬ 
tain  basic  principles  in  mind:  toe  fuel  and  oxygen  flow  to  the  main  burner 
must  be  accurately  measured,  since  any  variation  in  the  total  mass  Bow  os* 
fuel  oxidiner  ratio  has  an  important  effect  on  generator  performance.  The 
shut-off  valves  which  control  toe  flows  to  toe  burner  must  be  located  as 
close  to  the  burner  as  possible,  so  as  to  minimise  toe  volumes  to  be  purged. 
These  valves  are  remote  controlled  from  toe  control  room.  The  flow  of 
.gaseous  fuel  and  oxidisers  to  tbs  ignitor  and  pilot  burner  is  calibrated  and 
set  prior  to  operation. 
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The  starting  and  stopping  sequence  used  in  all  burners  ic  based 
on  AERL's  experience  with  similar  burners.  The  general  description  of  the 
design  and  arrangement  of  each  individual  system  and  its  control  is  as  fol¬ 
lows  : 


a.  Water  System 


The  water  to  be  used  for  cooling  purposes  is  stored  in  a  150,  - 
COO -gallon  concrete  tank.  It  flows  from  the  tank  to  a  water  pump.  Then  it 
ie  pumped  at  10,  000  gpm  and  250  psig  into  the  test  cell.  A  schematic  of  the 
cooling  water  system  may  be  seen  in  .Figure  II-E2.  The  flow  is  divided  and 
5000  gpm  is  allowed  to  cool  the  stainless  steel  tubes  used  as  load  resistors. 
The  remaining  5000  gpm  flows  to  the  burner  and  channel  where  2000  gpm 
are  allowed  for  the  burner  and  nozzle  and  3000  gpm  are  allowed  for  the 
channel  {2500  gpm  design).  All  water  is  then  discharged  into  the  exhaust 
duct  where  some  will  be  converted  to  steam  and  go  off  into  the  atmosphere 
and  the  rest  will  drain  out  of  the  duct  to  a  drain  basin  outside  the  building. 


b.  Oxygen  System 


The  gaseous  oxygen  storage  consists  of  high  pressure  gas  cy¬ 
linders  which  are  mounted  in  racks  and  manifolded  together,,  The  storage 
is  designed  for  430,000  scf  at  a  pressure  of  2200  psig. 

During  burner  operation,  oxygen  from  the  outdoor  storage  en¬ 
ters  the  building  as  indicated  in  the  Oxygen  System  Schematic  shown  in  Fig¬ 
ure  33HE3,  Oxygen  for  the  main  burner  is  throttled  by  valve  1  to  about  100 
to  400  psi  depending  on  required  mass  flow.  The  flow  rate  xb  measured  by 
the  venturi^  4,  and  the  valve,  1,  is  regulated  from  the  control  room  to 
maintain  the  desired  flow.  A  nitrogen  purge  connection,  valve  3,  permits 
purging  the  oxygen  line,  burner,  and  generator  channel.  Oxygen  for  the 
pilot  and  igniter  flows  through  a  branch  line  and  manual  shut-off  valves  2 
and  5  to  a  regulator,  h.  which  reduces  the  pressure  to  500  psi.  From  the 
regulator,  oxygen  Sows  through  the  manual  back-up  valves,  ?  and  9, 
through  the  solenoid  valves*  8  and  10,  to  the  igniter  and  pilot  burners. 

The  oxygen  venturi  is  designed  to  operate  with  critical  flow 
(some  velocity  in  the  throat)*  Critical  flow  operation  simplifies  the  in- 
strtimentation  because  it  is  only  necessary  to  measure  initial  pressure  and 
temperature.  However,  the  oxygen  storage  system  is  small  in  relation  to 
the  quantity  of  gas  removed  during  a  foil  duration  run,  and  a  con  Rider  able 
drop  in  temperature  occurs.  In  addition,  a  further  temperature  drop  occurs 
at  the  throttle  valve.  In  the  worst  case  the  oxygen  temperature  at  the  ven¬ 
turi  throat  can  be  as  low  as  112°K.  At  this  temperature  and  at  the  pressures 
corresponding  to  40  Kg/ see,  there  is  considerable  departure  from  ideal  gas 
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fiom  information  obtained  from  a  Bureau  of  Standards  publication. 


c.  Nitrogen  System 


The  gaseous  nitrogen  storage  also  consists  of  high  pressure 
gas  cylinde  rs,  mounted  and  manifolded  in  a  similar  manner  as  the  oxygen. 
This  storage  is  designed  for  60,000  scf  at  a  pressure  of  2200  psig. 

Nitrogen  from  the  outdoor  storage  enters  the  building  as  shown 
in  Figure  II-E5  (a  schematic  of  the  nitrogen  system),  and  flows  through  a 
main  shut-off  valve,  11,  then  to  the  main  burner  through  valves  12  and  13. 
Valve  12  is  a  throttle  for  regulating  nitrogen  flow.  Valve  13  is  a  fast-acting 
remote  control  valve  which  works  simultaneously  with  a  similar  valve  in  the 
fuel  line  to  switch  from  "purge"  to  "fuel"  or  vice  versa.  Nitrogen  for  purg¬ 
ing  full  injectors  of  the  igniter  and  pilot  burners  flows  through  valve  14  and 
regulator  15  to  solenoid  valves  17  and  19  at  the  burners.  Valves  16  and  18 
are  manual  back-up  valves  to  be  used  in  the  event  that  a  solenoid  valve  fails 
to  operate.  Valve  3  connects  to  the  main  oxygen  line  for  purging  of  the  main 
burner  oxygen  injectors. 


d.  Fuel  System 


The  main  ethyl  alcohol  storage  has  a  capacity  of  7500  gals. 

The  alcohol  is  transferred  from  this  tank  to  a  1500 -gal.  mixing  tank  located 
in  a  fuel  room.  The  potassium  hydroxide  is  added  to  the  alcohol  in  the  tank 
and  the  mixture  is  agitated  by  a  propeller -type  mixer  until  the  potassium 
hydroxide  is  dissolved  in  the  alcohol.  The  fuel  is  then  pumped  to  the  burner 
by  an.  8-stage  centrifugal  pump. 


The  fuel  system  is  shown  schematically  in  Figure  II-E6.  A 
three-way  remote  control  valve,  7,  is  used  to  direct  fuel  flow  either  to  the 
calibrating  loop  or  the  burner.  The  calibrating  loop  contains  an  orifice,  8, 
with  hydraulic  impedance  equivalent  to  the  burner  fuel  injectors.  The  se¬ 
quence  for  starting  the  burner  is  to  start  the  main  fuel  pump,  5,  with  the 
valve  open  to  the  calibrating  loop,  then  adjust  the  bypass  valve,  9,  to  pro¬ 
duce  the  desired  flow  as  indicated  by  the  venturi,  6,  and  then  divert  the  fuel 
flow  by  means  of  th<"  three-way  valve,  7,  from  the  calibrating  loop  to  the 
burner.  If  the  calibrating  orifice  is  truly  equivalent  fc3  the  burner  injectors, 
the  fuel  flow  to  the  burner  should  be  correct. 

In  order  to  assure  proper  operation  of  the  fuel  system  over  the 
required  flow  range  three  sets  of  fuel  injectors,  fuel  venturies  and  calibra¬ 
ting  orifices  are  required.  In  sizing  the  fuel  injectors,  a  minimum  safe  in¬ 
jection  pressure  drop  was  selected,  and  the  injectors  were  sized  for  the  re¬ 
quired  flow  at  this  pressure.  The  maximum  flow  for  any  injector  set  is 
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limited  by  the  pump  pressure  at  that  flow.  Figure  II-E?  is  a  fuel  system 
performance  curve  which  illustrates  the  flow  characteristics  of  each  injec¬ 
tor  set.  The  following  example  will  illustrate  the  working  of  this  chart. 
Suppose  a  flow  of  250  gpm  is  required.  The  250 -gpm  line  intersects  the 
medium  size  injector  characteristic  curve.  Using  the  medium  size  injec¬ 
tors,  the  250-gpm  line  intersects  the  dotted  curve  at  325  psig,  which  is  the 
fuel  injection  pressure  drop.  The  250-gpm  line  intersects  the  solid  curve 
at  410  psig,  which  will  be  the  pump  discharge  pressure.  At  410  psig,  the 
total  output  of  the  pump  is  525  gpm,  of  which  250  gpm  will  go  to  the  burner 
and  275  gpm  will  be  bypassed  back  to  the  fuel  tank.  If  the  oxygen -fuel  mix¬ 
ture  is  stoichiometric,  the  corresponding  burner  chamber  pressure  will  be 
60  psig. 


e.  Pilot  Burner 


The  fuel  selected  for  use  in  the  igniter  and  pilot  burners  is 
gaseous  ethane  which  is  stored  in  bottles  as  a  liquid.  The  vapor  pressure 
of  ethane  at  room  temperature  is  525  psi  and  is  suitable  for  direct  injection 
into  the  igniter  and  pilot  burners  without  the  use  of  a  pressure  regulator. 

A  schematic  of  the  fuel  system  to  the  igniter  and  pilot  burners  is  shown  in 
Figure  L.-E8.  Ethane  therefore  flows  directly  to  solenoid  valves  29  and  31 
which  operate  in  conjunction  with  nitrogen  purge  valves  17  and  19  to  permit 
switching  from  "purge"  to  "fuel"  or  vice  versa.  Valves  28  and  30  are  man¬ 
ual  back-up  valves  in  the  control  room  to  be  used  in  the  event  of  solenoid 
valve  failure. 

During  operation  0»91  Kg/min  of  ethane  must  be  evaporated  in 
the  bottles.  The  latent  heat  of  vaporization  is  supplied  by  the  heat  capacity 
of  the  liquid  ethane  and  the  material  in  the  bottle  walls.  To  prevent  an  ex¬ 
cessive  drop  in  the  temperature  and  the  corresponding  vapor  pressure  dur¬ 
ing  a  run,  a  minimum  of  100  lbs.  of  ethane  must  be  in  the  storage  system. 

Before  burner  testing  was  started,  the  need  for  nitrogen  dilu¬ 
tion  in  the  pilot  burner  became  apparent,  and  therefore  a  revised  pilot  bur¬ 
ner  control  was  designed.  The  modified  control  is  shown  in  Figure  II-E9. 
The  two  additional  elements  are  the  nitrogen  solenoid  valve.  Item  2,  and 
the  mixing  venturi.  Item  4.  The  nitrogen  valve,  2,  opens  simultaneously 
with  the  oxygen  valve,  1.  The  mixing  venturi  proportions  the  nitrogen  and 
oxygen  flows.  The  mixing  venturi  contains  two  concentric  entrance  cones, 
one  for  each  gas,  and  a  single  diffuser.  The  inner,  or  oxygen,  cone  is  ad¬ 
justable  axially  to  permit  varying  the  area  of  the  outer,  or  nitrogen,  cone. 
By  suitable  adjustment  the  desired  degree  of  nitrogen  dilution  may  be  ob¬ 
tained. 

A  simplified  pilot  burner  electrical  circuit  is  shown  in  Figure 
H-E10.  The  igniter  burner  is  an  uncooled  heat  .sink  design  with  a  running 
time  of  six  secoftds.  The  electrical  circuit  is  designed  to  shut  off  th«  ig¬ 
niter  combustion  in  six  seconds  and  to  shut  off  the  pilot  burner  fuel  and 
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oxygen  valve 8  if  the  pilot  burner  does  not  ignite  within  this  time  period. 
However,  if  the  pilot  burner  is  properly  ignited,  it  will  keep  operating,  and, 
due  to  its  interlock  with  the  main  burner  coutrol,  permit  starting  the  main 
burner.  Safety  interlocks  are  provided  as  follows:  the  main  burner  shuts 
off  if  the  pilot  burner  goes  out  or  if  the  magnet  current  becomes  excessive. 
Both  pilot  and  main  burners  are  shut  down  if  the  discharge  pressure  of  the 
cooling  water  pump  drops  to  a  minimum  allowable  value. 

In  addition,  pressure  switches  in  the  various  burner  cooling 
circuits  cause  the  burner  to  shut  off  if  the  flow  in  any  individual  circuit  be¬ 
comes  too  low.  An  interconnection  to  the  magnet  battery  circuit  turns  off 
the  batteries  in  the  event  they  are  still  connected  when  the  burner  is  shut 
off. 


The  operating  sequence  is  as  follows:  Assuming  all  pumps  are 
started  and  proper  pressures  have  been  established  to  the  control  valves  on 
the  burner  cart,  the  starting  of  the  water  pump  closes  PS3  supplying  power 
to  the  whole  circuit.  The  switches  Sj  and  Sg  are  closed,  which  closes  the 
contacts  in  the  time  delay  relay  and  energizes  Tj,  Cj,  Cg  and  Cg.  Of  these 
solenoids  the  nitrogen  valve  is  normally  open  and  the  fuel  and  oxygen  valves 
are  normally  closed.  Energizing  these  solenoids  shuts  off  the  nitrogen  purge 
and  turns  on  the  fuel  and  oxygen.  When  the  igniter  chamber  pressure  builds 
up,  the  pressure  switch  FS1  closes,  energizing  the  solenoids  C4*  C3  and  Cg, 
thereby  shutting  off  the  nitrogen  purge  and  starting  oxygen  and  fuel  flow  in 
the  pilot  burner.  When  the  pilot  burner  chamber  pressure  builds  up,  the 
pressure  switch  PSZ  closes  and  the  pilot  burner  solenoids  remain  energized. 
After  five  seconds,  the  time  delay  relay  contacts  open  which  stop  the  igniter 
burner  and  also  switch  the  pilot  burner  valves  to  purge  if  the  pilot  burner 
has  not  started.  In  normal  operation  the  closing  of  PS2  permits  the  starting 
of  the  main  burner  by  means  of  C7  and  Cg  which  are  the  solenoid  valves 
which  control  the  air  actuators  for  the  main  burner  nitrogen  and  fuel  valves. 
Ordinarily,  the  solenoids  Cy  and  Cg  would  not  be  energized  until  oxygen  flow 
to  the  main  burner  had  been  established,  as  explained  previously. 

Safety  interlocks  operate  in  the  following  manner;  low  water 
pressure  opens  PS3  which  shuts  off  all  burners.  Loss  of  pilot  chamber  pres¬ 
sure  or  overexcitation  of  the  magnet  shuts  off  the  main  burner  by  opening 
PS2  or  R2,  respectively. 


f.  Burner  Control  System 


All  of  the  remote  control  valves  and  pressure  switches  for  the 
burner  control  are  mounted  on  a  heavy,  steel  plate  on  the  back  of  the  burner 
cart  as  shown  in  Figure  n-Ell.  Ibis  picture  was  taken  before  all  tube  and 
pipe  connections  were  completed,  but  is  reproduced  here  to  show  more 
clearly  the  construction.  On  the  right  is  the  oxygen  pipe.  The  two  large 
valves  in  the  center  are  the  fuel  3-way  valve  and  the  nitrogen  purge  valve. 


_  —  _  —  _  S  t-  _  9  _ _ i.1  .  _  _  t  _  «  ««  <•  «  •  «  •  « 
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ches.  The  panel  was  made  deliberately  heavy  to  provide  some  degree  of 
magnetic  shielding  for  the  solenoid,  valves.  The  one  solenoid  valve  which 
must  function  reliably  at  maximum  field  strength  is  the  valve  which  controls 
the  fuel  valve  air  cylinder.  An  air  operated  override  device  has  been  made 
which  will  actuate  this  valve  even  if  the  solenoid  fails. 

The  generator  is  operated  from  the  control  room  by  four  peo¬ 
ple  at  individual  panels  as  shown  in  Figure  H-E12.  Starting  from  the  right, 
the  first  panel  contains  the  pump  controls,  the  fuel  bypass  valve  and  gauges 
indicating  fuel  and  water  pressures.  The  next  panel  contains  regulators, 
valves,  switches  and  gauges  for  operating  the  pilot  burner.  The  third  panel 
contains  controls  for  the  magnet  circuit  and  main  burner  operation.  The 
panel  on  the  left  is  for  measuring  and  controlling  oxygen  flow  to  the  main 
burner. 

Figure  IE-E13  shows  the  main  oxygen  control  valve.  The  re¬ 
quirements  for  this  valve  are  most  stringent  since  it  must  maintain  a  de¬ 
sired  flow  rate  without  fluctuations,  with  a  large  but  varying  pressure  dif¬ 
ferential  and  also  provide  a  tight  shutoff.  The  large  air  operated  toggle 
actuator  is  controlled  by  a  loading  regulator  in  the  control  room.  The  load¬ 
ing  pressure  is  controlled  manually  to  maintain  an  oxygen  flow  as  indicated 
by  the  oxygen  venturi. 


3.  Magnet  Control 


Initial  excitation  of  the  magnet  is  provided  by  a  battery  bank 
which  consists  of  180  storage  batteries.  The  battery  bank,  when  fully  con¬ 
nected,  is  capable  of  producing  1.1  Mw  for  a  period  of  45  seconds.  The 
batteries  are  arranged  in  six  parallel  strings  of  30  batteries  in  series. 

This  array  will  produce  360  volts  open  circuit  and.  6000  amps  at  matched 
impedance.  In  addition,  10  batteries  of  each  string  may  be  disconnected, 
reducing  the  open  circuit  voltage  to  240.  The  strings  are  connected  through 
switches  and  shunts  to  bus  bars.  A  20  kw  motor  generator  set  with  suitable 
circuitry  is  provided  to  recharge  the  batteries.  Power  from  the  batteries 
to  the  magnet  is  controlled  by  a  circuit  breaker  which  may  be  actuated  from 
the  generator  control  room.  During  normal  startups,  the  breaker  is  opened 
by  a  low  current  detector  when  the  generator  excitation  section  is  powering 
the  magnet.  In  the  connection  between  the  generator  channel  and  the  mag¬ 
net,  there  is  a  shunt  to  measure  current  and  to  actuate  the  over -excitation 
relay  to  stop  the  burner  before  the  magnet  becomes  damaged  from  exces¬ 
sive  field  strength.  The  magnet  shorting  loop,  which  protects  the  magnet 
from  excessive  voltage  during  shut  down,  contains  88  silicon  rectifiers, 
arranged  such  that  there  are  44  parallel  circuits  of  two  rectifiers  in  series, 
to  provide  a  peak  inverse  voltage  rating  of  1200.  Parallel  bleed  resistors 
and  series  resistors  provide  for  proper  distribution  of  voltage  and  current, 
respectively,  between  the  88  rectifiers.  Figure  II-E14  shows  a  schematic 
circuit  diagram  of  the  magnet  control  and  exciter. 
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In  practice  the  initial  excitation  current  can  be  set  between 
2500  and  6000  amps  by  selecting  the  appropriate  number  of  strings  and  vol¬ 
tages.  The  circuit  breaker  can  safely  interrupt  the  maximum  current  of 
6000  amps  because  the  rectifier  circuit  prevents  the  buildup  of  high  voltages. 


4.  Load  Resistors 


Sizing  of  the  load  resistors  was  performed  using  the  voltage- 
power  characteristics  obtained  from  the  final  generator  design  program. 

As  previously  reported,  the  number  of  electrode  pairs  is  50  in  the  net  power 
output  section.  These,  together  with  the  possible  nine  additional  electrode 
pairs  in  the  end  of  the  self-excitation  section,  require  59  separate  load  re¬ 
sistors.  Due  to  the  required  flexibility  of  the  loading  while  performing  the 
test  program  for  the  Mark  V  generator,  the  load  resistors  have  been  de¬ 
signed  to  dissipate  as  much  as  35  Mw. 

The  final  load  resistor  design  consists  of  1000  stainless  steel 
tubes  requiring  a  total  cooling  water  flow  of  5000  gpm  for  the  maximum 
power  dissipation.  The  load  resistors  are  water-cooled  stainless  steel 
tubes.  The  material  for  all  tubes  was  fixed  as  Type  316  S.S.,  as  this  ma¬ 
terial  has  the  highest  resistivity  of  any  standard  commercially  available 
material,  giving  the  highest  resistance  and  shortest  length  of  tube  for  any 
fixed  diameter  and  wall  thickness.  Needless  to  say,  it  is  impossible  that 
the  requirements  for  any  two  sets  of  load  resistors  be  exactly  the  same. 

To  not  end  up  with  59  completely  different  sets  of  resistors  and  flow  con¬ 
trols  for  these  resistors,  it  was  attempted  to  standardize  the  system  as 
much  as  possible.  Having  fixed  the  material,  it  was  then  possible  to  fix 
the  tube  diameter  into  various  sizes  for  certain  groups  of  load  resistors. 
Through  a  process  of  elimination,  it  was  then  possible  to  fix  the  tube  size 
to  three  different  diameters  and  one  standard  length. 

To  provide  the  simplest  design  for  the  lowest  costs,  many 
items  were  standardized.  The  tubes  were  standardized  by  making  them  all 
5,12  meters  long.  The  tube  outside  diameters  are  7.95  mm  (500  tubes), 
9.55  mm  (485  tubes)  and  15.9  mm  (15  tubes  for  special  load  in  section  of 
channel  where  divergence  changes).  Cooling  water  flow  control  was  simp¬ 
lified  by  designing  the  cooling  requirements  such  that  the  tubes  are  grouped 
in  four  sets  of  cooling  water  manifolds  with  250  tubes  between  each  set  and 
one  valve  controlling  the  water  flow  through  each  set  of  250  tubes.  The 
stainless  steel  resistor  tubes  are  assembled  vertically  with  a  water  inlet 
manifold  on  the  bottom  and  a  water  outlet  manifold  on  the  top. 

The  tubes  are  connected  to  the  inlet  and  outlet  manifolds  by  a 
standard  short  length  of  electrically  non -conductive  hose.  The  pressure 
seal  for  the  hose  is  affected  by  use  of  a  standard  hose  adapter  on  the  mani¬ 
folds  and  standard  hose  clamps  on  the  tubes.  The  flow  control  valves  are 
located  on  the  discharge  end  of  the  outlet  manifolds.  The  water  flow  through 
the  tubes  is  in  parallel;  the  electrical  current  flow  through  the  tubes  is  in 
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series.  By  having  the  distance  between  each  tube  constant  it  was  possible 
to  design  a  standard  electrical  jumper  clamp.  With  this  arrangement  each 
tube  in  a  set  of  250  receives  approximately  the  same  water  flow  and  there¬ 
fore  the  flow  through  each  tube  has  approximately  the  same  pressure  drop. 

This  design  is  made  possible  only  through  a  sacrifice  in  the  overall  efficiency 
of  the  heat  transfer  capabilities  for  the  tubes.  The  resultsQof  bulk  tempera¬ 
ture  rise  calculations  show  differences  of  as  much  as  22.2°C  from  tubes  re¬ 
ceiving  the  same  water  flow. 

Due  to  the  voltage  distribution  in  net  power  output  section  and 
the  associated  Hall  potential,  a  total  potential  difference  in  the  load  resistor 
bank  of  approximately  3000  volts  exists,  as  can  be  seen  in  Figure  n-El. 

It  was  therefore  necessary  to  electrically  insulate  each  cooling  water  inlet 
and  outlet  manifold  from  one  another  and  from  ground.  The  insulation  is 
furnished  by  the  electrically  non-conductive  hose  and  phenolic  insulation  as 
indicated  in  Figure  H-E15, 
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B  =  Burner 
C  =  Channel 
D  =  Exhaust  Duct 

1  Cooling  water  pump 

2  Main  cooling  water  shut-off  valve 

3  Strainer 

4  Load  resistors 

5  Control  valves  for  load  resistor  cooling  water 

6  Burner  cooling  water  restriction  orifices 

7  Channel  cooling  water  restriction  orifices 

Figure  II-E2  Cooling  Water  System  Schematic  for  Mark  V  Generator 


I  =  Igniter  Burner 
P  =  Pilot  Burner 
B  ~  Main  Burner 

1  Main  oxygen  control  valve  and  shut-off  (remote  controlled) 

2  Auxiliary  oxygen  shut-off  valve 

3  Nitrogen  purge  valve  for  oxygen  line,  burner,  channel,  and  exhaust 
stack  (manual  control) 

4  Oxygen  venturi 

5  Main  oxygen  shut-off  for  igniter  and  pilot  burners  (manual  control) 

6  Oxygen  regulator  for  pilot  and  igniter  burners 

7  Oxygen  shut-off  valve  for  igniter  burner  (manual  control) 

8  Oxygen  valve  for  igniter  burner  (remote  controlled) 

9  Oxygen  shut-off  valve  for  pilot  burner  (manual  control) 

10  Oxygen  valve  for  pilot  burner  (remote  controlled) 

Figure  II-E3  Oxygen  System  Schematic  for  Mark  V  Generator 


I  =  Igniter  Burner 
~P  =  Pilot  Burner 
'B.  =  Main  Burner 

3  Nitrogen  purge  valve  for  oxygen  line,  burner,  channel,  and  exhaust 
stack  (manual  control) 

II  Main  nitrogen  shut— off  valve  (manual  control) 

12  Nitrogen  throttle  valve  for  main  fuel  system  purge  (manual  control) 

13  Nitrogen  purge  valve  for  main  fuel  system  (remote  controlled) 

14  Nitrogen  purge  shut-off  valve  for  igniter  and  pilot  burners  (manual 
control) 

15  Nitrogen  regulator  for  igniter  and  pilot  burners 

16  Nitrogen  shut-off  valve  for  igniter  burner  (manual  control) 

17  Nitrogen  purge  valve  for  igniter  burner  (remote  controlled) 

18  Nitrogen  shut-off  valve  for  pilot  burner  (manual  control) 

19  Nitrogen  purge  valve  for  pilot  burner  (remote  controlled) 


Figure  H-E5  Nitrogen  System  Schematic  for  Mark  V  Generator 


FROM  STORAGE 


rzr“- 1 

1  Trans  ier  Pump 

2  Fuel  Tank 

3  Mixer 

4  Main  Fuel  Shut-off  Valve  (manual  control) 

5  Fuel  Pump 

6  Fuel  Venturi 

7  Three-Way  Fuel  Valve  (remote  control) 

8  Restriction  Orifice 

9  Fuel  By-Pass  Valve  (manual  control) 


Figure  H-E6  Main  Fuel  System  Schematic 


I  =  Igniter  Burner 
P  =  Pilot  Burner 
B  =  Main  Burner 

27  Main  ethane  shut-off  valve  (manual  control) 

28  Ethane  shut-off  valve  for  igniter  burner  (manual  control) 

29  Ethane  valve  for  igniter  burner  (remote  controlled) 

30  Ethane  shut-off  valve  for  pilot  burner  (manual  control) 

31  Ethane  valve  for  pilot  burner  (remote  controlled) 

Figure  II-E8  Fuel  System  Schematic  of  Igniter  and  Pilot  Burners 


2.  NITROGEN  SOLENOID  VALVE 

3.  NITROGEN-ETHANE  THREE  -WAY  SOLENOID  VALVE 

4.  MIXING  VENTURI 

5.  PILOT  BURNER 


Figure  H-E9  Revised  Pilot  Burner  Control  System 
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Igmter  manual  switch 
Pilot  manual  switch 
Time  delay  relay 

Magnet  over  excitation  cut-off  relay 
Pressure  switch.  Igniter  chamber 
Pressure  switch,  Pilot  chamber 
Pressure  switch,  low  water  pressure  cut-off 
Ignition  transformer 

Solenoid  valves  for  Igniter,  Njj,  and  Ethane 

Solenoid  valves  for  Pilot,  N^,  Og  and  Ethane 

Solenoid  valves  for  air  operated  valves.  Main  Burner, 
and  alcohol 


Figure  II-EIO  Pilot  Burner  Control,  Electrical  Layout 
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1.  D.C  BATTERY  POWER  JUffLY  FCT  MftUT!  EXCITATION  CP  FIELD  MAGNET.  TO  GIVE  POTUL  GENERATOR 
OUTPUT  TO  SUSTAIN  SELF  EXCITATION  OF  GENERATOR. 

(FIELD  MAGNET  (US  NOT  ENOUGH  B  ESI  DUAL  MAGNETISM  TO  SUSTAIN  SELF  EXCITATION) 

2.  FUSES  FOB  SNORT  dRCUtT  AND  MVKJI  CURIEMT  PROTECTION  OF  D.C  BATTERY  POWER  SUPPLY. 

J.  BATTERY  VOLTAGE  SEL5LT0R  SWITCHES  FOR  SEPEXATE  EXCITATION. 

4.  D.C  SHUNT  FOX  MEASURING  BATTERY  OUTPUT  CURRENT. 

5.  D.C  SHUNT  FOR  MEASURMG  INPUT  CURRENT  TO  FIELD  MAGNET  PROM  EITHER  THE  BATTERY  C-CWT  OR 
GENERATOR  CIRCUIT. 

SA.  O.C  VOLTMETER  FOR  MEASURING  PI  ELD  MAGNET  VOLTAGE. 

4.  KMIPE  SWITCH  FOR  ISOLATING  BATTERY  CIRCUIT  PROM  PIELO MAGNET. 

7.  O.C  CIRCUIT  BREAKER. 

FA.  D.C  CIRCUIT  BREAKER  REVERSE  CURRENT  TRIP  COIL  (OPENS  CIRCUIT  BREAKER  ON  SOS  AMPS  OF 
REVERSE  CURRENT). 

5.  CURRENT  SENSING  SAFETY  DEVICE  FOR  AUTOMATICALLY  OPEWNC  CIRCUIT  BREAKER  AT  SELF  EXCITATION 
TAKE  OVER  POINT  (OPERATES  ON  LOW  FORWARD  CURRENT.  ADJUSTABLE  FROM  100  A  TO  1.000 A). 

9.  CURRENT  SENSING  SAFETY  DEVICE  POE  AUTOMATICALLY  OPENING  CIRCUIT  BREAKER  ON  REVERSE 
CURRENT  FROM  GENERATOR  AT  SELF  EXCITATION  TAKE  OVER  POINT. 

(OPERATES  AT  SO  AMPS  OF  REVERSE  CURRENT) 

10.  PUSH  BUTTON  STATION  FOR  CONTROL  OF  BATTERY  POWER. 

It.  Fit  10  DISCHARGING  RECTIFIER  (FREt  WHEELING)  fcOKUSTS  OF  tt  RECTIFIERS  IN  SERIES  AND  44  PARELLCL 
EACH  RATED  2S0A@400V  FRY.] 

12.  FIELD  MAGNET. 

IB  CURRENT  FLOW  OF  BATTERY  POWER  SUPPLY 

IG  CURS  ENT  PLOW  OP  GENERATOR 

I M  DISCHARGE  CURRENT  PLOW  THROUGH  RECTIFIER  UPON  COLLAPSWG  OP  THE  FIELD  FOR  SELF  DISCHARGING. 


Figure  II -El 4 


Schematic  of  Magnet  Control  and  Exciter  Circuit 
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1  Manifold  5  Control  valve 

2  Tube  supports  6  Hose  adapters 

3  Phenolic  insulation  7  Insulating  hose 

4  Discharge  header  8  Hose  clamps 

9  Inlet  header 


Figure  II -El 5  Mark  V  Generator  Load  Resistor  Schematic 
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F.  INSTRUMENTATION 


Instrumentation  for  the  Mark  V  MHD  Generator  may  be  broken 
down  into  four  sections:  Channel  monitoring,  power  monitoring,  magnet 
control  and  barner  operating  control  instrumentation. 


1.  Channel  Monitoring  Instrumentation 


Figu? 

channel  measure  cut' 


■•b  a  sketch  showing  the  location  of  the  various 
taken. 


Pres  have  been  placed  to  measure  both  axial  and 

transverse  gas  pret  stribution  across  one  insulating  wall.  Eighteen 

centerline  taps  have  i - .  installed  along  with  four  transverse  taps  located 

in  three  positions  in  the  power  section  of  the  channel.  The  four  transverse 
taps,  together  with  a  centerline  tap,  provide  a  five -point  distribution  as  in¬ 
dicated  in  Figure  II -FI. 

Provisions  were  made  to  measure  the  bulk  water  temperature 
for  a  single  water  passage  in  one  insulating  and  one  electrode  wall.  Twelve 
thermocouples  are  used  in  each  wall,  having  a  distribution  as  indicated  in 
Figure  II -FI.  It  was  later  decided,  however,  that  these  temperatures  would 
not  be  measured  in  the  initial  phase  of  the  test  program.  Channel  cooling 
water  temperature  rise  was  to  be  measured  only  to  verify  design  calcula¬ 
tions.  Since  the  channel  heat  flux  is  the  greatest  when  operated  in  the  un¬ 
loaded  condition,  and  since  the  cooling  system  was  adequate  for  this  situa¬ 
tion,  it  follows  that  the  cooling  was  satisfactory  for  power  generation  runs. 
Previous  experience  with  MHD  generator  channels  allows  extrapolation  of 
heat  flux  values  with  a  fair  degree  of  accuracy.  In  addition,  thermocouple 
measurements  are  difficult  to  take  to  any  degree  of  accuracy  while  a  mag¬ 
netic  field  is  present. 

Originally,  a  transverse  voltage  distribution  was  to  be  taken 
at  three  locations  in  the  channel  as  shown  in  Figure  II -FI.  Nine  points  are 
taken  for  each  of  the  three  locations.  This  measurement  was  later  expan¬ 
ded  to  acquire  a  more  extensive  knowledge  of  electrical  phenomena  occur¬ 
ring  at  generator  startup. 

Six  Hall  voltages  are  measured  between  electrodes  as  indicated 
in  Figure  H-Fl.  Another  Hall  voltage  is  taken  from  the  exhaust  duct  and  two 
total  Hall  voltage  readings  taken,  one  at  the  end  of  the  power  section  and  one 
at  the  exit  of  the  channel. 

Additional  instrumentation  was  used  to  verify  calculated  stres¬ 
ses  and  strains  when  the  channel  was  subjected  to  loading.  Strain  gauges 
were  placed  on  the  plastic  walls  and  steel  reinforcing  bars,  while  linear 
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variable  differential  transformers  were  used  to  measure  any  outward  wall 
deflections.  These  readings  were  taken  during  static  pressure  leak  checks 
of  the  channel. 


2.  Power  Monitoring  Instrumentation 


To  obtain  the  net  power  output  of  the  generator,  the  current 
flow  through  20  sets  of  load  resistors  is  measured.  This  is  approximately 
every  third  electrode  in  the  channel.  The  current  flow  through  the  loads  is 
obtained  using  a  calibrated  section  of  the  stainless  steel  tube  in  each  load 
as  a  shunt.  The  calibrating  device  was  specially  designed  for  the  applica¬ 
tion  ■  and  is  adjustable  for  a  limited  shunt  range  o~  the  tube. 

Six  electrode  pair  voltages  are  measured.  These  voltage 
vuiw&s  were  not  taken  on  the  same  electrodes  for  which  the  current  is  mea¬ 
sured.  This  data  will  be  obtained  by  measuring  the  total  voltage  drop  across 
the  load  resistor  set. 

The  power  instrumentation  as  designed  covers  approximately 
one-third  of  the  load  resistors.  The  load  resistors  are  adjustable,  and  can 
be  set  to  a  value  to  give  a  certain  generator  loading;  therefore,  the  external 
resistance  is  known.  The  bulk  temperature  rise  in  the  load  resistors  is 
measured  during  operation,  and  by  having  this  data  the  actual  external  re¬ 
sistance  during  operation  is  known.  By  taking  the  current  flow  at  approxi¬ 
mately  every  third  load  resistor,  the  distribution  of  generator  .output  voltage 
is,  therefore,  known,  as  well  as  the  power  output.  Since  power  measure¬ 
ments  can  be  found  by  using  either  voltage  or  current  is  resistance  is  known, 
power  will  be  recorded  for  a  total  of  twenty-six  loads. 


3.  Magnet  Control  Instrumentation 


The  total  magnet  current  and  voltage  is  monitored  and  recor¬ 
ded  as  well  as  the  total  battery  supply  output.  The  magnet  current  is  mea¬ 
sured  on  a  shunt  connected  between  the  channel  self -excitation  electrodes 
and  the  magnet.  The  magnet  voltage  is  measured  across  the  full  magnet 
while  the  battery  current  is  taken  from  a  shunt  on  the  battery  switchboard. 

The  total  magnet  and  battery  currents  are  recorded  on  a  two- 
channel  strip  chart  recorder  and  are  duplicated  on  meters  for  the  instru¬ 
mentation  panels 

As  a  further  check  on  the  magnet  pre -excitation  rise  time, 
there  is  a  time  indicator  displayed  on  the  instrumentation  panel  which  starts 
when  the  exciter  circuit  switch  is  closed. 


Burner  Operating  Control 


To  properly  evaluate  burner  operation  requires  the  recording 
of  pressures  and  temperatures  for  the  burner  and  auxiliary  systems. 

,  . .  Pn°t  burner  operation  is  evaluated  by  recording  the  fuel  mani- 

lold,  oxygen  manifold  and  chamber  pressures. 

.  Main  burner  operation  requires  a  knowledge  of  the  pressures 

in  the  fuel  manifold,  oxygen  manifold,  and  combustion  chamber.  The  bulk 
temperature  rise  and  cooling  water  discharge  pressure  for  the  burner  are 
monitored  at  six  locations. 

The  cooling  water  pump  discharge  pressure  and  temperature 
is  recorded  as  is  the  temperature  and  pressure  of  the  main  burner  oxygen 
as  it  flows  through  the  flow  control  venturi. 


The  total  bulk  temperature  rise  and  discharge  pressure  for 
each  of  the  four  load  resistor  raa-'  '■fids  is  also  indicated. 

In  all,  approximately  100  separate  measurements  are  made  to 
evaluate  the  overall  generator  performance.  To  best  display,  record,  and 
reduce  data  of  such  a  large  volume,  it  was  decided  to  photograph  an 
ment  panel  on  which  the  values  refold  be  displayed  with  fairly  inexpensive'  ~ 
meters  and  gauges.  To  photograph  these  instruments  two  surplus  K-25 
aerial  cameras  are  used. 

A  power  supply  was  designed  to  operate  the  cameras.  The 
power  supply  makes  it  possible  to  operate  either  or  both  cameras  continu¬ 
ously  or  the  cameras  can  be  timed  to  pulse  separately  or  individually  in 
combination  with  continuous  operation. 

For  power  testing  one  camera  is  operated  continuously  at  a 
speed  of  one  frame  per  second  to  record  very  closely  the  magnet  pre -exci¬ 
tation,  ourner  startup,  and  magnet  self-excitation.  The  second  camera  is 
pulsed,  at  approximately  one  frame  every  four  seconds. 

The  film  produces  a  picture  which  is  4  in.  x  5  in.  and  sixty 
frames  long.  Using  adapter  lenses  for  fixed  distances,  it  is  possible  to 
record  the  entire  panel  with  each  camera  'so  that  all  data  is  on  a  sirgle  roll 
of  film.  6 


A  photograph  of  the  comple‘?d  instrument  panel,  assembly, 
cameras  and  strip  chart  recorders  may  be  seen  in  Figure  II-F2. 


As  the  testing  program  was  initiated  a  recording  oscillograph 
was  made  available  to  monitor  the  voltage  distribution  along  the  axis  of  the 
channel.  This  recorder  is  a  15-channel  oscillograph  which  operates  on  a 
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galvanometer  mirror  principle  to  expose  a  trace  on  photographic  paper. 

The  data  is  therefore  available  for  reduction  immediately.  This  instrument 
required  the  design  and  assembly  of  voltage  dividers  to  protect,  calibrate? 
and  properly  damp  the  galvanometers. 

Upon  initiation  of  the  testing  program  some  problems  were  en¬ 
countered  in  the  channel  operation  which  required  some  revisions  to  the  in¬ 
strumentation.  The  most  serious  problem  has  been  electrical  breakdown  be¬ 
tween  electrodes  due  to  excessive  voltage  difference.  The  breakdown  was 
localized  as  discontinuities  in  channel  loading;  for  instance,  between  elec¬ 
trodes  in  the  excitation  and  power  sections.  The  original  complement  of 
voltmeters  was  inadequate  for  diagnosing  the  problem  and  therefore  22  ad¬ 
ditional  meters  were  installed.  The  large  number  of  extra  voltmeters  per¬ 
mitted  the  taking  of  voltage  distributions  both  across  and  along  the  channel 
in  troublesome  regions.  The  physical  layout  of  instrumentation  wiring  al¬ 
lows  meters  to  be  connected  to  any  electrode  pair  as  desired. 

The  good  sensitivity  and  frequency  response  of  the  recording 
galvanometer  made  it  a  useful  instrument  fcr  monitoring  the  self-excitation 
performance  of  the  generator.  Displaying  magnet  current  and  voltage  on 
the  galvanometer  provides  a  good  record  of  the  excitation  buildup. 


V 


90 


H - I NLET - SELF -EXCITATION  POWER  OUTPUT 


OUTLET —H 


6  HALL  VOLTAGES 


□  TEMPERATURE 
O  PRESSURE 


Figure  II-F1  Channel  Monitoring  Instrumentation 


XXL  COMPONENTS  TESTING  AND  MODIFICATION 


S n  order  to  check  fixe  integrity  of  the  various  generator  com» 
ponents,  and  verify  design  parameters,  a  testing  program  was  performed* 
Many  important  problems  were  encountered  and  solved  during  the  program, 
which  necessitated  changes  to  some  generator  components. 


A.  BURNER 


Initial  burner  operation  was  done  with  a  water-cooled  dummy 
channel  which  permitted  normal  operation  of  the  burner  prior  so  the  delivery 
of  the  power  generating  channel.  Burner  testing  demonstrated  that  smooth 
full  flow  starts  and  stops  could  be  made  and  that  there  were  no  detectable 
combustion  instabilities. 

These  tests  were  conducted  at  low  mass  flows  in  order  to 
check  heat  transfer  rates  at  low  levels.  All  heat  transfer  rates  appeared 
to  be  normal  except  for  the  injection  section  which  appeared  to  be  high.  At 
higher  mass  flows  the  nozzle  and  chamber  section  heat  transfer  rates  were 
found  to  be  proportions.!  to  mass  flow  indicating  that  the  heat  transfer  is 
primarily  convective.  The  rate  to  the  injector  plate  is  not  proportional  to 
mass  flow  indicating  that  a  portion  of  the  heat  transfer  is  radiative.  This 
not  unexpected  result  is  fortified  by  the  noticeable  increase  in  heat  flux, 
when  the  fuel  is  seeded.  At  Z  mole  %  seed  the  radiant  heat  flux  to  the  in¬ 
jector  is  about  half  of  the  total  flux.  The  measured  values  of  heat  flux  vs 
mass  flow  are  shown  in  Figures  XH«A1  through  HI-A4.  It  can  be  seen  that 
measured  heat  fluxes  are  somewhat  lower  than  design  values. 

Figure  3I-A5  shows  the  main  burner  chamber  pressure  as  a 
function  of  me.ss  flow.  As  can  be  seen  in  the  diagram  the  experimental  date, 
for  higher  mass  flows  is  in  agreement  with  the  predicted  values,  but  at  lo¬ 
wer  values  the  obtained  data  is  lower  than  the  predicted.  It  is  felt  that  an 
error  existed  in  the  control  system,  resulting  in  &  nonstoichiometric  com¬ 
bustion. 


1,  Injector  Assembly 


a.  Injector  Face  Plate 

With  increased  mass  flow  the  Inconel  X  and  stainless  steel 
injector  plates  both  experienced  overheating  and  high  thermal  stresses  at 
mass  flows  near  40  Kg/sec,  which  in  some  cses  meant  repair  by  a  welding 
and  a  machining  cycle.  Inspection  of  the  gas  surface  of  the  stainless  steel 
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injector  plate  revealed  that  overheating  and  high  thermal  stresses  were 
prevalent  near  the  outer  two  rows  of  oxygen  nozzles  and  that  a  much  better 
condition  existed  in  the  center  two  rows.  It  was  decided,  therefore,  to  en¬ 
large  the  oxygen  and  fuel  nozzle  orifices  in  the  two  innermost  rows.  The 
result  of  this  change  was  to  inject  a  higher  percentage  of  toe  total  mass  flow 
into  &e  center  o£  the  combustion  chamber  so  that  the  outermost  two  rows  of 
nosales  would  be  subjected  to  a  lower  total  heat  flux.  The  data  also  showed 
that  a  sizeable  portion  o £  the  total  heat  transfer  to  the  injector  plate  was  due 
to  the  radiation  component,  which  could  be  reduced  by  electroplating  the  gas 
surface  of  the  injector  plate  with  a  reflective  material.  Investigations  re¬ 
vealed  that  a  0.0001  to  0  #uuv2  3**xuch  guld  plcvtc  over  a  0 *  000 5  "inch  of  o*ckvl 
would  be  optimum  for  the  application,  since  these  materials  have  high  oper¬ 
ating  temperature  limits  along  with  oxidation  resistance  and  good  ductility. 
Several  tests  revealed  the  modified  injector  was  still  subjected  to  high  ther¬ 
mal  stresses,  and  so  to  be  able  to  realize  the  full  capability  of  the  genera¬ 
tor,  a  design  of  a  new  injector  plate  was  started.  The  prime  consideration 
£ or  this  design  was  the  lowering  of  the  combustion  side  surface  temperature, 
and  hence  the  minimization  of  thermal  stresses.  After  a  thorough  materials 
search,  silver  bearing  copper  and  everdur  were  chosen  for  the  new  injector 
plate. 


The  copper  injector  assembly  is  shown  on  Figure  U2-A6,  The 
injector  assembly  is  divided  by  a  series  of  plates  or  diaphragms  to  provide 
passages  for  cooling  water,  oxygen  and  fuel.  Starting  from  the  left  side  of 
the  figure,  first  is  a  plate  which  forms  the  back  wall  of  the  combustion 
chamber  and  the  oxygen  nozzles.  The  oxygen  nozzles  have  a  rounded  en¬ 
trance  for  a  smooth  flow  and  are  sized  to  produce  sonic  velocity  at  the 
throat.  Behind  this  plate  is  the  cooling  water  passage  which  is  formed  by 
the  addition  of  a  support  plate.  Everdur  was  chosen  as  the  material  for  the 
support  plate  because  of  its  high  strength  and  its  ease  in  being  welded  to 
copper.  The  third  plate  closes  the  oxygen  passage  and  contains  the  fuel  in¬ 
jectors.  Since  the  length  of  the  fuel  nozzles  was  found  quite  critical,  the 
new  nozzles  were  moved  farther  into  the  combustion  chamber  to  minimize 
the  recirculation  of  hot  combustion  gases.  The  last  plate  closes  the  fuel 
plenum  and  adds  to  the  structural  rigidity  of  the  entire  assembly.  The  cen¬ 
ter  of  the  injector  assembly  is  designed  to  accept  the  pilot  burner  and  igniter 
assembly.  The  cooling  water  flow  in  the  new  backplate  was  modified  to  cool 
the  pilot  burner  throat.  This  eliminates  a  separate  cooling  water  system 
and  also  eliminates  the  welding  on  the  hot  gas  side  of  the  plate  which  was 
required  in  the  stainless  steel  injector  plate.  To  reduce  the  radiation  com¬ 
ponent  of  heat  transfer,  the  hot  gas  surface  of  the  copper  injector  plate  was 
gold-plated  in  a  manner  similar  to  the  stainless  injector. 

The  new  injector  plate  was  installed  and  a  burner  testing  pro¬ 
gram  was  initiated  using  the  dummy  channel.  The  first  test  of  the  new  back- 
plate  was  performed  at  a  mass  flow  of  32  Kg/sec.  Analysis  of  the  test  data 
indicated  no  unforeseen  problems,  and  tests  with  mass  flows  of  40  and  46 
Kg/sec  were  performed.  The  resulting  heat  flux  on  the  backplate  and  a 
comparison  with  the  stainless  steel  plate  is  shown  on  Figure  HI-A7.  The 


lower  heat  flux  is  attributed  to  modified  cooling  water  flow,  and  fuel  nozzle 
placement. 

The  design  of  a  c  ;pper  backplate  required  a  thicker  section  to 
prevent  buckling  from  water  pressures.  Due  to  copper's  higher  thermal 
conductivity,  the  thermal  stresses  are  approximately  1/6  of  those  realized 
in  the  stainless  steel  backplate.  Visual  inspection  of  the  backplate  after 
approximately  35  tests  revealed  no  distortion  or  buckling,  proving  that  the 
thermal  stresses  had  been  the  largest  contributor  to  buckling. 


b.  Fuel  Nozzles 


A  rapid  erosion  of  the  fuel  nozzles  was  observed  as  the  mass 
flow  and  seed  rate  wer  increased.  The  mechanism  for  this  erosion  is 
believed  to  be  as  follows:  The  high  velocity  oxygen  stream  flowing  past  the 
fuel  injector  separates  and  recirculates  at  the  fuel  nozzle  tip.  The  fuel 
nozzle  tip  is  hot  due  to  radiant  heat  transfer,  and  the  oxygen  reacts  with 
the  hot  metal  to  produce  accelerated  oxidation.  It  is  also  possible  that 
there  is  some  combustion  occurring  in  the  recirculating  flow.  In  order  to 
find  a  solution  to  this  problem,  a  few  fuel  injectors  were  made  of  different 
materials  and  with  different  shapes.  By  far  the  most  successful  was  a  nick¬ 
el  injector  with  a  shape  intended  to  eliminate  or  reduce  flow  separation  and 
recirculation.  The  fuel  injectors  were  changed  over  to  this  design,  and  no 
further  difficulty  occurred. 


c.  Pilot  Burner 


The  pilot  burner  liner  showed  evidence  of  inadequate  cooling 
after  a  few  runs.  This  injector  was  a  standard  design  intended  for  use  with 
liquid  fuels.  The  change  to  gaseous  fuel  eliminated  any  effective  regenera¬ 
tive  cooling  and  overheating  resulted.  A  revised  injector  was  constructed 
incorporating  directed  water  cooling  and  a  change  in  material  from  stain¬ 
less  steel  to  copper.  The  new  injector  has  proved  to  be  entirely  satisfac¬ 
tory,  At  the  same  time  a  crack  appeared  in  the  pilot  burner  chamber  liner. 
This  piece  had  been  spun  from  tubing  and  apparently  welded  tubing  had  been 
used.  The  crack  was  in  the  weld.  A  new  liner  was  made  fr'"  extruded 
copper  and  no  further  difficulty  has  been  experienced. 


2.  Main  Burner  Chamber  Liner 


Examination  of  the  burner  liner  after  increasing  the  mass  flow 
revealed  a  progressive  degree  of  overheating  near  the  injector  plate.  This 
overheating  of  the  liner  caused  failure  of  an  "O"  ring  after  several  tests 
which  in  turn  allowed  water  to  enter  the  combustion  chamber.  To  remedy 
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the  overheating,  N£  film  cooling  of  the  liner  was  effected.  The  mass  flow 
Nof  N2  is  approximately  0. 5  Kg/sec,  and  has  a  sonic  throat  formed  by  the 
burner  liner  and  injector  plate.  In  addition,  the  spacer  ring,  which  made 
up  die  water  cooling  passage  at  the  end  of  the  liner  was  modified  so  as  to 
increase  the  local  water  velocity  near  the  "O"  ring  groove.  These  changes 
remedied  the  problem  completely,  but  it  was  further  helped  by  the  new  cop¬ 
per  injector  plate  which  was  designed  to  protrude  farther  into  the  combus¬ 
tion  chamber  to  eliminate  high  heat  transfer  rates  near  the  "O"  r4ng. 


3.  Nozzle 


Since  the  burner  nozzle  provides  the  necessary  change  in 
shape  and  connects  the  circular  combustion  chamber  to  the  rectangular 
channel,  this  section  is  very  susceptible  to  thermal  distortion  due  to  the 
great  variance  of  mass  in  any  specific  cross  section.  The  nozzle  was  made 
in  two  pieces  to  facilitate  machining,  and  after  repeated  thermal  cycling 
distortion  of  the  burner  nozzle  sections  became  sufficient  to  allow  water 
leakage  into  the  combustion  chamber.  These  leaks  were  located  in  the  junc¬ 
tion  of  the  nozzle  sections  and  between  the  nozzle  throat  and  inlet  flange  of 
the  channel,  and  were  of  such  a  magnitude  as  to  seriously  affect  generator 
performance.  The  burner  nozzle  was  disassembled,  straightened,  and  the 
two  sections  welded  together  to  resist  the  high  thermal  stresses  and  pro¬ 
vide  a  positive  water  seal  between  the  nozzle  sections.  In  addition,  a  more 
positive  seal  between  burner  and  nozzle  was  effected  by  increasing  the  dia¬ 
meter  of  the  "O"  rings  in  the  joint.  The  welding  and  modified  seals  have 
eliminated  the  water  leaks. 


4.  Test  Results 


In  conclusion,  the  Mark  V  burner  has  operated  throughout  the 
testing  program  in  a  very  reliable  manner  and  with  only  a  minimum  of 
maintenance.  The  only  precaution  other  than  those  normally  associated 
with  a  rocket  motor  of  this  type  is  the  flushing  of  the  fuel  nozzle  with  water 
after  each  test,  so  that  evaporating  fuel  will  not  leave  a  seed  depon..  On 
one  test  in  this  aeries  a  poor  excitation  was  observed,  caused  by  several 
blocked  fuel  nozzles,  which  gave  rise  to  a  lean  combustion  and  resulted  in 
a  lower  than  expected  stagnation  temperature  of  the  working  fluid. 

The  last  power  tests  have  been  performed  at  a  total  mass  flow 
of  52.3  Kg/sec  using  a  50/50  mixture  of  ethyl  alcohol  and  methylcyclohexane. 
The  heat  release  of  this  fuel  mixture  is  equivalent  to  that  attained  with  a 
total  mass  flow  of  60  Kg/sec,  using  ethyl  alcohol  and  the  stoichiometric 
amount  of  oxygen.  The  reasons  for  using  the  new  fuel  mixture  are  explained 
in  the  Testing  Program  on  Page  127. 
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Figure  IH-A1  Injector  Plate  Heat  Flux  Inputs 
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Figure  III-A3  Heat  Flux  Input  for  Nozzle  Throat 
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B.  MAGNET 


The  magnet  was  brought  up  to  tne  maximum  current  and  field 
obtainable  with  the  battery  bank,  and  field  measurements  were  made  at 
several  locations  along  the  magnet  centerline  to  verify  predicted  perfor¬ 
mance,  'The  field  strength  was  measured  by  a  pickup  coil  connected  to  an 
oscilloscope.  The  pickup  coil  produces  a  voltage  which  is  proportional  io 
dB/dt  during  magnet  buildup.  The  field  strength  is  determined  by  integ¬ 
rating  the  scope  trace  on  the  photograph. 

During  testing  the  magnet  has  been  brought  up  to  a  maximum 
current  of  19,000  amperes  or  a  field  strength  of  31,  700  gauss.  Figure 
IU-B1  shows  the  predicted  and  the  measured  field  strength  along  the  magnet 
centerline.  The  measured  field  strength  is  approximately  1500  gauss  grea¬ 
ter  than  predicted,  due  to  the  low  reluctance  path  provided  by  the  reinforcing 
steel.  This  amounts  to  a  field  increase  of  approximately  4%,  or  a  maximum 
field  of  36,  500  gauss  at  design  current. 

On  two  occasions  during  this  testing  program,  minor  damage 
was  incurred  by  the  magnet.  The  first  of  these  was  caused  by  channel  gas 
leaks  which  burned  through  the  protective  epoxy  coating  of  the  magnet,  the 
second  was  a  result  of  external  arcing  on  the  channel.  Theee  arcs  were 
forced  into  the  copper  by  the  j  x  B  forces,  shorting  out  several  turns  of  the 
magnet.  In  both  cases,  repair  was  effected  by  grinding  out  the  damaged 
section,  reinaulating,  and  covering  with  a  protective  epoxy  coating.  Magnet 
tests  were  performed  using  the  battery  bank  as  a  check  on  magnet  integrity. 
The  magnet  resistance  remained  at  0.0318  ohms,  showing  no  permanent 
damage. 


Insulation  between  reinforcing  steel  and  tie  rods  was  improved 
after  external  arcs  from  the  magnet  tie  rods  to  the  reinforcing  steel  oc¬ 
curred.  The  original  insulation  was  sufficient  for  all  voltages  anticipated 
during  operation  of  magnet,  but  when  the  channel  extension  became 
shorted  to  the  reinforcing  steel  by  3  loose  water  connector,  voltages  oc¬ 
curred  which  broke  down  the  insulation  between  the  tie  rods  and  reinforcing 
steel  and  ground  allowing  the  Hail  current  to  flow.  This  severely  derated 
generator  performance  and  so  all  magnet  insulation  was  checked  and  im¬ 
proved  where  possible.  The  modified  insulation  stopped  external  flash- 
ov  .  s  completely. 


FIELD  STREN 


C.  CHANNEL  AND  EXHAUST  SYSTEM 


1.  Mechanical  Properties  of  Channel  Walls 


a.  Heat  Transfer 


The  cooling  of  the  channel  has  been  sufficient  under  all  opera¬ 
ting  conditions  encountered.  At  no  time  has  a  component  burned  out  due  to 
excessive  local  heat  transfer  alone.  In  various  instances  local  pieces  of 
refractory  material  have  been  lost,  thus  exposing  water  cooling  connectors 
to  the  high  temperature  gas. 


b.  Thermal  Stresses 


The  overall  channel  design  is  extremely  rigid,  and  stresses 
resulting  from  hydraulic  pressure  are  at  a  minimum.  Thermal  stresses, 
however,  have  caused  some  problems  on  surfaces  which  are  exposed  to  the 
gas.  These  problems  have  been  encountered  in  the  slabs  of  the  inlet  and 
exit  sections  where  the  yield  point  of  the  copper  has  been  exceeded.  The 
slabs  of  the  inlet  section  which  are  parallel  to  the  axis  of  the  channel  are 
subjected  to  a  nonuniform  change  in  temperature.  The  forces  on  the  res¬ 
training  screws  are  such  that  the  threads  in  the  copper  bars  yield  and  allow 
the  bars  to  distort.  The  distortion  disrupts  the  cooling  water  seals  and 
leaks  are  developed.  To  relieve  the  stresses  on  the  slabs,  a  series  of 
grooves  were  cut  in  the  critical  areas.  To  provide  additional  clamping 
forces,  steel  inserts  were  placed  in  the  tapped  screw  holes  and  additional 
screws  were  added  where  necessary. 

The  electrode  slabs  used  in  the  exit  section  are  mounted  nor¬ 
mal  to  the  channel  axis,  and  have  beer,  subjected  to  a  temperature  gradient 
sufficient  to  cause  distortion.  The  forces  involved  resulted  in  a  permanent 
deflection  of  both  exit  section  electrode  walls,  but  were  of  such  a  magnitude 
that  no  cooling  water  seals  were  disturbed. 


c.  Refractory 


The  refractory  materials  used  to  provide  electrical  insulation 
between  metallic  segments  of  the  channel  walls  must  meet  severe  criteria. 

The  refractory  must  be: 

1)  a  finely  ground  preparation  which  is  plastic  and  trowelable 
when  tempered  with  water 
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i)  non-slagging  in  that  no  destructive  chemical  reaction  can 
exist  between  the  refractory  and  external  agencies  at  high  temperatures 
resulting  in  the  formation  of  a  liquid 

3)  of  high  strength  to  avoid  spalling  from  the  mechanical, 
thermal  and  structural  forces  which  cause  cracking  and  rupturing  of  the 
refractory  and  eventual  detachment  of  segments 

4)  capable  of  withstanding  a  sufficient  surface  temperature  for 
exposure  to  generator  gases  without  ablating 

5)  sufficiently  strong  to  resist  erosion  of  the  turbulent,  high 
velocity  working  fluid 

6)  an  electrical  insulator  at  high  temperatures 

7)  sufficiently  dense  so  that  the  porosity  will  not  allow  the  re¬ 
fractory  to  become  saturated  witn  generator  seed  materials. 

These  considerations  led  to  the  choice  of  refractories  composed 
principally  of  alumina.  The  materials  used  are  furnished  in  a  dry  form  and 
are  mixed  with  water  at  the  time  of  application.  The  material  used  for  the 
greater  portion  of  the  test  program  was  fairly  satisfactory.  However,  some 
erosion  of  the  material  was  experienced  throughout  the  program.  Most  seri¬ 
ously  affected  were  grooves  aligned  parallel  to  the  gas  flow.  After  each  test 
it  was  necessary  to  add  material  to  some  of  these  sections.  The  refractory 
material  created  some  problems  in  that  the  seed  material  would  diffuse  into 
its  surfaces  and  drastically  reduce  the  insulating  capability.  In  some  cases 
it  became  necessary  to  mechanically  remove  old  mortar  and  replace  it. 

Spalliag  of  the  refractoiy  has  occurred  although  it  is  difficult 
to  determine  the  exact  nature  of  the  spalling.  The  refractory  in  the  entire 
channel  is  exposed  to  a  then-  lal  shock  upon  burner  startup  with  the  refrac¬ 
tory  of  the  inlet  exposed  to  additional  mechanical  and  structural  shock  due 
to  internal  gas  pressure  and  the  distortion  of  components  due  to  thermal 
stresses.  This  latter  problem  was  extremely  troublesome  in  that  the  cool¬ 
ing  water  connectors  are  near  the  hot  gas  surface  and  the  loos  of  refractory 
directly  exposes  the  cooling  water  connectors  to  the  gas.  The  net  -esults 
are  burned  seals  and  connectors  which  caused  water  leaks. 

The  fact  that  all  rocket  type  gas  generators  vibrate  adds  addi¬ 
tional  stresses  to  refractories  and  increases  the  possibility  of  losing  re¬ 
fractory  which  was  not  properly  bonded  to  the  metal  surfaces. 

New  refractory  mat"  Is  have  been  incorporated  during  the 
program  as  they  were  found  more  satisfactory  through  tests  conducted  in 
smaller  MHD  experiments.  The  newest  refractory  used  was  99%  pure  alum¬ 
inum  oxide  with  an  extremely  low  concentration  of  calcium  oxide  (0. 1%). 
When  this  refractory  is  tempered  using  a  sodium  silicate  solution,  the  re- 
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suit  is  an  extremely  dense  and  strong  material  with  excellent  high  tempera¬ 
ture  electrical  properties.  Experiments  performed  using  this  refractory 
in  various  sections  of  the  channel  indicated  that  seed  diffusion  was  down, 
erosion  was  less,  and  the  electrical  quality  of  the  wall  superior  to  other 
sections  of  the  channel  in  which  the  older  type  refractory  was  used. 


2.  Electrical  Properties  of  the  Channel  Walls 


Arcing  has  occurred  in  every  section  and  considerable  effort 
was  placed  on  repair  and  revisions  to  the  generator  channel. 

In  the  early  phase  of  the  program  a  method  of  removing  and 
replacing  damaged  electrodes  or  pegs  within  the  channel,  without  removing 
entire  sections,  was  developed.  In  conjunction  with  the  first  arcing  experi¬ 
enced,  a  repair  cycle  was  initiated  to  repair  components  damaged  by  the 
arcs.  This  repair  was  important  since  not  only  was  complete  replacement 
of  the  parts  expensive,  but  it  would  be  most  of  all  time-consuming. 

The  repair  cycle  was  basically  to  clean  the  damaged  area  and 
redeposit  the  base  material  through  a  heliarc  welding  process.  The  puddle 
welded  material  was  then  removed  to  return  the  component  to  the  original 
dimensions.  In  this  manner  localized  damage  could  be  repaired  with  the 
minimum  of  inconvenience  to  the  testing  program. 


a.  Changes  2vfade  to  Channel  Electrode  Walls 


1)  Inlet  Section:  One  major  modification  was  performed  to  the 
channel  inlet  section  electrode  wall  to  blend  the  open  circuit  voltage  of  the 
inlet  section  with  the  output  voltage  of  the  self-excitation  section  and  prevent 
arcing.  Nine  slabs  which  were  adjacent  to  the  self-excitation  section  on  the 
electrode  wall  were  converted  to  working  electrodes.  This  modification  in¬ 
volved  the  removal  of  the  slabs  and  machining  of  grooves  on  the  gas  surface. 
The  grooves  were  then  filled  with  zirconium  oxide  refractory  material  used 
in  all  working  electrodes.  Electrical  power  taps  and  bus  bars  were  designed 
and  manufactured,  together  with  electrical  cables  to  connect  the  electrodes 
to  the  load  leads. 

2)  Self -Excitation  Section:  The  self-excitation  section  has 
performed  as  expected,  electrically.  No  modifications  or  repairs  have  been 
performed  on  the  electrode  walls  in  this  section. 

When  it  became  necessary  to  remove  the  channel  after  almost 
every  test,  the  manner  of  connecting  the  self -excitation  section  to  the  mag¬ 
net  was  improved.  The  original  hookup  consisted  of  a  series  cf  26  leads 
from  each  side  of  the  channel  to  the  magnet.  These  were  replaced  by  bus 
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bars  and  this  improvement  has  saved  many  hours  of  hookup  time  throughout 
the  program. 

3)  Net  Power  Section:  This  section  has  required  attention 
throughout  the  program.  The  major  portion  of  the  channel  repairs  and 
modifications  have  been  made  in  this  section. 

Many  electrodes  were  repaired  using  the  welding  cycle  previ¬ 
ously  described. 

Edge  pegs  which  line  the  top  and  bottom  of  both  electrode  walls 
were  found  to  break  down  to  the  reinforcement  steel  of  the  adjacent  elec¬ 
trodes.  To  remedy  this  situation  without  a  large  machining  operation,  the 
edge  pegs  were  completely  insulated  from  the  reinforcing  steel.  The  pegB 
were  mounted  on  a  thin  strip  of  mylar  insulating  material  and  the  material 
of  the  bolts  which  clamp  the  pegs  to  the  reinforcing  steel  wall  were  changed 
from  stainless  steel  to  nylon. 

One  major  change  was  made*  to  the  anode  electrode  wall  when 
all  50  electrodes  were  modified  to  a  new  electrode  design  which  incorporated 
the  latest  electrode  technology.  This  change  is  more  thoroughly  described 
'  ~  the  electrode  section  of  this  report. 

The  joint  electrodes  between  the  self-excitation  and  net  power 
sections  were  modified  to  increase  the  electrode  drop  in  the  beginning  of 
the  net  power  section  {see  Power  Testing).  The  electrodes  were  cleaned  of 
all  refractory  material  and  the  grooves  were  filled  with  the  base  metal  using 
the  welding  repair  cycle. 

4)  Exit  Section:  The  performance  of  this  section  was  as  ex¬ 
pected  until  the  latter  portion  of  the  test  program.  At  this  time  severe  arc¬ 
ing  damaged  both  electrode  walls  such  that  it  was  necessary  to  remove  and 
repair  all  electrodes  and  the  stainless  steel  support  bars.  Approximately 
50%  of  the  edge  pegs  in  this  section  were  so  heavily  damaged  it  was  tound  to 
be  more  expeditious  to  completely  replace  the  pegs.  The  last  three  electrode 
slabs  on  each  wall  weve  split  down  the  middle  to  provide  more  insulation. 


Changes  Made  in  Insulating  Walls 


1)  Inlet  Section  and  Self-Excitation:  The  joint  formed  in  the 
insulating  wall  between  the  inlet  and  self-excitation  was  found  to  be  improp¬ 
erly  insulated.  The  problem  involved  the  proximity  of  peg  retaining  screws 
to  external  joint  support  bars.  Insulation  was  added  between  these  compo¬ 
nents  with  satisfactory  results.  The  remainder  of  the  insulating  wall  pre¬ 
sented  no  electrical  problems  during  the  testing  program. 

2)  Net  Power  and  Exit  Sections:  Twice  la  the  program  it  was 
necessary  to  increase  the  insulating  capability  of  the  top  and  bottom  peg 
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40%  o£  the  net  power  section  and  the  first  10%  of  the  exit  section.  In  the  in¬ 
stance  of  the  first  repair,  approximately  200  pegs  were  modified  by  having 
0,76  mm  removed  from  one  side  and  later  approximately  800  pegs,  includ¬ 
ing  some  of  the  first  modified,  had  1.0  mm  removed  from  one  side.  When 
damage  did  occur  on  the  insulating  walls,  considerable  work  was  involved. 
The  major  portion  of  the  damage  was  to  the  plastic  wall  on  which  the  pegs 
are  mounted.  Some  arcing  occurred  between  pegs  on  the  plastic  surface 
and  caused  the  plastic  to  char,  forming  permanent  short  circuits  between 
pegs.  It  was  necessary  to  grind  out  the  charred  areas  and  replace  the  re¬ 
moved  plastic  with  glass -filled  epoxy. 


A  problem  was  also  encountered  with  external  arcing  on  the 
stainless  steel  reinforcing  bars  in  the  exit  section.  To  prevent  a  recurrence 
of  this  problem,  the  metal  sealing  bars  in  the  channel  joints  were  replaced 
with  plastic  bars,  while  the  external  support  bars  for  the  top  and  bottom 
walls  of  the  exit  section  were  also  replaced  by  plastic  bars. 


3.  Electrodes 


During  the  testing  program  arcing  was  experienced  between 
electrodes  in  the  power  section  with  voltage  gradients  far  below  design  val¬ 
ues.  It  was  believed  that  the  zircoa  was  operating  at  a  sufficiently  high 
temperature  to  melt  and  flow  across  adjacent  electrodes  and  thereby  trigger 
arcing  at  low  voltage  gradients.  For  this  reason  the  zircoa  was  removed 
from  the  downstream  groove  and  replaced  with  alumina.  Results  of  this 
test  showed  that  arcing  occurred  when  the  voltage  differential  on  the  anode 
wall  exceeded  a  value  of  25  volts  between  electrodes  which  indicated  a  more 
extensive  design  change  was  necessary.  Damage  was  more  severe  on  the 
anode  wall  since  the  j  x  B  forces  drive  the  arc  current  into  the  wall  while 
arcs  on  the  cathode  wall  are  forced  into  the  gas  stream.  Arcs  on  the  anode 
wall  resulted  in  damaged  water  seals  causing  leaks.  It  was  therefore  de¬ 
cided  to  remove  and  modify  the  electrodes  on  the  anode  wall  of  the  net  power 
section.  The  downstream  half  of  each  electrode  became  a  copper  slab  while 
the  upstream  half  was  solid  zircoa.  This  type  of  electrode  had  been  found 
to  give  excellent  performance  in  tests  conducted  at  the  Avco-Everett  Re¬ 
search  Laboratory  Long  Duration  Test  Facility  under  our  commercial  MHD 
development  program.  The  zircoa  used  in  this  modification  has  improved 
electrical  characteristics  due  to  an  increase  in  the  amount  of  calcium  oxide, 
in  addition,  the  sharp  edges  of  the  electrodes  were  radiused  to  prevent 
electric  field  concentration. 

Due  to  the  current  concentrations  that  exist  in  the  downstream 
end  of  the  self -excitation  section  cathode  wall,  several  electrodes  in  this 
location  were  also  modified  to  the  high  performance  design. 

Another  important  change  in  the  electrode  walls  wap  that  the 
electrode  slabs  in  the  critical  junction  between  the  self -excitation  and  power 
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sections  were  modified.  Due  to  L  di/dt,  high  AV's  are  experienced  in  this 
critical  junction  during  c-x.ciuiu.uii  and  in  Order  to  increase  the  breakdown 
voltage  in  this  junction,  a  cold  boundary  layer  was  created  by  converting  a 
copper -zirconia  electrode  to  a  copper  slab. 

After  approximately  thirty  power  tests,  few  problems  have 
been  encountered  with  the  design.  In  conjunction  with  these  modifications, 
important  changes  were  made  in  the  exhaust  system  which  partly  contributed 
to  the  success  of  the  new  electrodes. 


4.  Exhaust  System 


The  major  change  to  the  exhaust  system  was  the  addition  of  a 
new  transition.  The  new  design  was  made  to  alleviate  the  problem  of  How 
separation  in  the  channel,  as  fully  discussed  in  Section  II.  The  new  transit 
tion  section  is  rectangular  in  cross  section,  3.67  meters  long,  and  fabrica¬ 
ted  of  mild  steel  plate.  It  is  designed  to  withstand  a  heat  flux  equal  to  that 
of  the  channel  exit  section  (190  watts/cm^)  for  its  entire  length.  Total  cool¬ 
ing  water  flow  is  2000  gpm  or  500  gallons  per  wall.  This  quantity  of  water 
is  needed  as  the  water  supply  is  previously  used  to  cool  the  loads  and  so  it 
may  enter  the  transition  section  at  temperatures  up  to  60°C,  depending  on 
the  power  dissipated  in  the  loads.  Mechanically,  the  transition  section  is 
constructed  as  a  double  box  with  spacers  to  maintain  the  cooling  water  pas¬ 
sages.  Both  boxes  are  plug  welded  together  in  a  manner  to  provide  the 
necessary  strength  to  resist  thermal  and  mechanical  stresses.  After  sev¬ 
eral  tests  it  was  necessary  to  repair  some  defective  plug  welds.  Since  their 
repair,  it  has  been  repeatedly  operated  without  incident. 

As  the  power  levels  have  increased,  the  Hall  voltage  in  the 
channel  has  increased  and  on  several  occasions  arcs  have  been  experienced 
between  the  channel  and  channel  extension,  then  channel  extension  to  ex¬ 
haust  duct  and  exhaust  duct  to  ground.  In  an  effort  to  eliminate  any  external 
arcing,  the  channel  extension  was  insulated  from  the  channel,  and  the  insula¬ 
tion  between  the  exhaust  duct  and  transition  and  exhaust  duct  and  ground  was 
improved.  Results  of  these  changes  have  eliminated  arcing  in  the  exhaust 
system,  and  no  insulation  problems  have  been  observed  while  running  under 
more  severe  conditions. 
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D.  GENERATOR  CONTROL  AND  INSTRUMENTATION 


J .  Control  System 


The  burner  and  magnet  control  systems  have  operated  in  a 
trouble-free  and  reliable  manner  throughout  the  testing  program,  except 
for  a  few  problems  with  the  ignition  coil  used  to  fire  the  igniter  burner, 
and  some  pressure  switches  going  out  of  calibration.  These  problems 
were  corrected  by  an  improved  maintenance  program. 

The  resistor  bank  has  been  utilized  to  its  full  capability  with 
a  large  number  of  load  resistor  variations  being  obtained.  Overall,  the  load 
resistor  bank  has  performed  as  expected,  and  gave  the  desired  degree  of 
flexibility. 


2.  Instrumentation 


The  original  instrumentation  system  used  to  record  and  moni¬ 
tor  the  test  performance  of  the  Mark  V  generator  has  been  supplemented 
throughout  the  program. 

The  changes  and  additions  which  have  been  made  were  done  so 
as  to  more  fully  evaluate  and  understand  the  phenomena  which  were  occur¬ 
ring  within  the  generator  and  to  more  intelligently  control  the  operation  of 
the  generator. 

During  each  run,  measurements  of  mass  flow,  plenum  pres¬ 
sure,  static  channel  pressures,  magnet  voltage  and  current,  external  vol¬ 
tage  along  both  walls  and  the  centerline  of  the  channel,  and  voltage  distribu¬ 
tion  across  the  channel  are  obtained.  These  measurements  are  obtained 
from  multi-channel  recorders  and  photographs  of  the  instrumentation  panel. 
The  measurements  have  been  proven  to  have  sufficient  accuracy  to  analyze 
the  generator  performance. 

Meters  used  to  measure  current  in  the  load  resistors  were 
converted  to  voltmeters  to  improve  the  flexibility  of  the  system.  These 
meters  could  then  be  used  to  measure  any  voltage  on  the  channel  without 
the  limitation  of  shunts.  In  all,  the  voltage  instrumentation  has  been  ex¬ 
panded  to  92  meters  or  an  increase  of  54  meters  over  the  original  installa¬ 
tion. 


To  obtain  a  picture  of  the  equipotential  lines  which  exist  within 
the  channel,  the  instrumentation  system  was  expanded,  utilizing  the  copper 
pegs  of  the  insulating  walls  as  Langmuir  probes,  to  measure  the  transverse 
voltage  distribution  at  five  separate  locations  along  the  net  power  section  of 


112 


the  channel.  Five  compiece  secs  of  iO  leads  were  installed  from  the  chan¬ 
nel  to  the  instrumentation  panel.  The  panel  is  wired  to  a  stepping  switch, 
and  then  to  one  set  of  volt  meters.  As  the  test  progresses,  the  switch  may 
be  used  to  read  out  the  voltages  at  any  one  of  the  five  desired  locations. 

In  the  original  design  no  provisions  had  been  made  to  measure 
the  open  circuit  or  Hail  voltages  after  electrode  #50.  To  do  this,  the  chan¬ 
nel  was  equipped  with  high  voltage  instrumentation  leads  on  each  copper  slab 
of  the  electrode  wall  from  electrode  #50  to  the  exit.  In  addition,  leads  wer^ 
added  to  the  channel  at  various  locations  along  the  centerline.  Twenty  sets 
of  leads  were  then  drawn  from  the  channel  exit  to  the  instrumentation  panel. 

To  minimize  damage  from  arcing  inside  the  channel,  a  voltage 
monitoring  system  was  installed.  This  system  gives  the  monitor  a  com¬ 
plete  picture  of  the  voltage  distribution  which  exists  on  the  entire  length  of 
the  net  power  section,  as  well  as  any  abrupt  change  in  voltage  gradients. 
These  abrupt  changes  were  always  associated  with  arcing,  so  by  terminating 
the  test  on  the  first  indication  of  adverse  gradients,  damage  from  arcing  and 
in  turn  the  repair  work  was  minimized.  When  the  problem  of  external  arcs 
arose,  the  voltage  monitoring  system  was  expanded  to  measure  the  open  cir¬ 
cuit  voltage  in  the  exit  section  as  well  as  the  Hall  voltage  of  the  channel  ex¬ 
tension  and  exhaust  duct. 

To  record  the  AV  between  electrodes  along  an  entire  electrode 
wall,  a  52-channel  oscillograph  recorder  was  obtained  and  installed  in  the 
instrumentation  system.  Voltage  dividers  were  designed  and  assembled  to 
protect  the  recorder  from  high  voltages,  and  allow  changes  in  calibration 
and  dampening  of  galvanometers. 

The  channel  is  equipped  with  pressure  taps  to  measure  both  the 
axial  and  transverse  static  pressure  distribution.  With  the  original  pres¬ 
sure  tap  spacing  along  the  channel,  it  was  difficult  to  distinguish  between  a 
continuous  pressure  increase  due  to  a  large  eddy  current,  or  a  step  increase 
due  to  a  shock  or  a  superposition  of  both  effects.  For  this  reason  additional 
pressure  taps  were  installed  on  the  channel  centerline  in  the  region  of  elec¬ 
trodes  30  through  50. 

The  channel  extension  section  added  during  this  testing  program 
included  provisions  for  measuring  the  static  pressure  at  five  locations  along 
its  length.  The  addition  of  this  section  required  no  further  revisions  in  the 
data -taking  system. 
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IV.  TESTING  PROGRAM 


A.  INTRODUCTION 


Originally,  it  was  intended  to  study  the  performance  of  the 
Mark  V  generator  over  a  wide  range  of  seeding,  mass  flow,  and  loading 
configurations.  However,  as  the  testing  program  progressed,  the  main 
problem  was  to  find  an  operating  configuration  which  would  lead  to  the  pro¬ 
duction  of  a  net  power  output  of  20,  000  kilowatts.  Since  the  Mark  V  genera¬ 
tor  was  to  be  self-excited,  one  section  of  the  generator  channel  is  used  to 
provide  the  necessary  power  for  the  generator  field  coil,  and  since  self¬ 
excitation  had  never  been  demonstrated,  or  for  that  matter  attempted,  it 
was  natural  that  the  first  objective  of  the  program  should  be  to  achieve  self¬ 
excitation  of  the  generator.  It  was  further  known  that  the  exact  self-excita¬ 
tion  conditions  which  would  be  required  to  bring  the  generator  to  rated  out¬ 
put  would  have  to  be  studied  and  that  several  tests  were  needed  to  gain  suf¬ 
ficient  knowledge  of  the  self-excitation  mechanism.  For  this  purpose  the 
testing  program  was  divided  in  two  sections:  first  a  study  of  generator 
self-excitation  followed  by  a  concentrated  program  of  net  power  generation 
tests. 


The  main  objectives  sought  in  the  self-excitation  phase  of  the 
testing  program  were  a  knowledge  of  the  relationships  between  battery  vol¬ 
tage,  magnet  current,  and  L  di/dt,  which  must  exist  before  and  after  the 
main  combustion  chamber  is  fired.  Further,  the  rate  of  self-excitation 
must  be  well  known  in  order  to  properly  load  the  generator  and  prevent  un¬ 
favorable  voltage  distributions  in  the  region  between  the  self -excitation  sec¬ 
tion  and  the  net  power  section.  Once  these  objectives  have  been  attained, 
it  was  possible  to  determine  the  burner  firing  point  for  any  specific  battery 
voltage  and  length  of  self-excitaticn  section. 

The  power  generation  phase  of  the  program  was  initially  be¬ 
lieved  to  be  readily  accomplished  once  the  self-excitation  mechanism  was 
understood,  since  during  self-excitation  tests  some  experience  of  loading 
the  n?t  power  section  would,  be  gained,  as  well  as  a  good  knowledge  of  actual 
gas  conditions. 

The  major  problem  encountered  during  the  testing  program 
was  arcing.  From  the  discussion  of  the  testing  program,  it  will  be  seen 
that  during  some  experiments  the  arcing  was  triggered  by  water  leaks, 
while  at  other  times  the  water  leaks  were  the  direct  result  cf  arcing.  Poor 
performance  was  experienced  in  some  tests,  caused  by  the  introduction  of 
water  into  the  working  fluid,  which  required  the  repetition  of  thw  test  to  ob¬ 
tain  the  desired  data. 

Fifty-six  power  generation  rims  were  conducted  with  the  Mark 
V  generator  during  the  testing  program  and  self -excitation  was  easily  and 
reliably  achieved.  A  maximum  net  power  output  of  23,  600  kilowatts  was 


produced,  exceeding  the  design  value  of  20,000  kilowatts.  The  maximum 
gross  power  output  was  32,000  kilowatts.  These  performances  were 
achieved  using  a  mixture  of  ethyl  alcohol  and  methylcyclohexane  combusted 
with  the  stoichiometric  amount  of  oxygen.  In  order  not  to  excetd  the  de 
sign  heat  release  value,  the  above  mentioned  power  outputs  were  obtained 
using  87%  of  the  design  mass  flow. 


B.  GENERATOR  SELF -EXCITATION 


In  order  to  best  show  the  progress  made  in  self-excitation  of 
the  generator,  curves  from  the  most  interesting  tests  are  presented  and 
described,  and,  where  applicable,  compared.  It  should  be  noted  that  the 
cathode  electrode  and  anode  electrode  are  defined  as  the  positive  and  nega¬ 
tive  electrodes  of  the  generator,  respectively. 

After  the  first  series  of  generator  tests,  the  problems  which 
were  to  be  experienced  with  the  self -excitation  of  the  generator  were  evi¬ 
dent.  These  included  determining  the  initial  value  of  battery  voltage,  the 
magnet  current  at  which  the  burner  was  to  be  started  for  a  specific  battery 
voltage,  the  value  cf  L  di/dt  at  the  time  of  burner  start,  the  problem  of 
avoiding  arcing  to  electrodes  adjacent  to  the  seif-excitation  section,  and  a 
method  of  controlling  L  di/dt  when  the  generator  was  operating  in  a  burner 
only  configuration. 

Testing  started  with  a  mass  flow  of  33.  2  Kg/sec  and  a  seed 
concentration  of  2.0  mole  %  of  K  in  the  combustion  gases,  at  a  temperature 
of  3000  K,  and  at  a  static  pressure  of  1  atmosphere.  After  a  few  opera¬ 
tional  tests,  the  mass  flow  was  increased  to  36,4  Kg/sec,  and,  in  Test  #3, 
the  firat  successful  self -excitation  of  an  MHD  generator  was  achieved. 

As  can  be  seen  from  Figure  IV -1,  the  current  delivered  to  the 
magnet  by  the  batteries  was  4500  amperes,  when  the  main  burner  was  star¬ 
ted.  The  battery  bank  and  the  generator  ran  in  parallel  for  approximately 
three  seconds,  the  time  it  took  the  battery  circuit  to  decrease  to  1000  am¬ 
peres  and  automatical!/  cut  out.  Before  this  happened,  the  generator  cur¬ 
rent  was  4600  amperes,  and  as  soon  as  the  switch  in  the  battery  circuit  was 
opened,  the  generator  ran  self-excited  for  a  period  of  twenty  seconds.  This 
corresponded  to  2100  kilowatts  delivered  to  the  magnet  and  400  kilowatts  net 
output  to  the  loads,  for  a  total  gross  output  of  2500  kilowatts.  Magnet  vol¬ 
tages  appear  on  Figure  IV-2.  The  upper  curve  is  the  magnet  voltage  and  the 
lower  curve  is  the  voltage  drop  due  to  the  internal  impedance  of  the  magnet, 
the  difference  between  the  two  curves  being  L  di/dt.  As  can  be  seen  in  the 
diagram,  the  magnet  voltage  increased  rapidly  during  the  time  the  battery 
bank  and  generator  were  working  in  parallel.  When  the  battery  circuit  was 
opened,  the  generator  had  to  deliver  instantaneously  1000  amperes,  which 
caused  the  sharp  change  in  magnet  voltage  and  L  di/dt.  Due  to  the  low  value 
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of  L  di/dt,  excitation  was  slow,  but  self -excitation  was  clearly  demonstra¬ 
ted  with  the  magnet  current  reaching  a  value  of  8000  amperes.  The  test 
utilised  the  design  length  of  the  self-excitation  section. 

The  first  major  arcing  was  experienced  during  this  run  and 
occurred  on  the  anode  wall  of  the  net  power  section.  The  arcing  was  the 
result  of  an  excessive  potential  difference  between  adjacent  electrodes  with 
the  resultant  arcs  developed  forced  into  the  electrode  wall  by  the  j  x  B  for¬ 
ces.  The  arcs  attacked  the  water  seals  between  adjacent  electrodes  and 
water  leaked  into  the  channel  shielding  the  electrodes. 

Tc  develop  the  technique  of  proper  generator  startup  ana  con¬ 
trol  of  self-excitation  through  the  transient  condition,  the  electrodes  in  the 
net  power  section  were  initially  paralleled  with  those  of  the  self-excitation 
section.  This  generator  configuration  would  then  produce  a  constant  voltage 
through  the  loaded  section  and  hence  a  zero  voltage  gradient  between  the 
loaded  electrodes.  Both  ends  of  this  loaded  section  then  became  the  only 
area  for  possible  arcing,  due  to  the  steep  voltage  gradient  at  these  locations 
caused  by  the  difference  between  the  output  voltage  in  the  loaded  section  and 
the  open  circuit  voltage  before  and  after  the  loaded  section.  The  AV's  in 
these  regions  could,  however,  be  monitored  and  the  tests  discontinued  if 
the  AV's  exceeded  <he  prescribed  voltage.  The  next  series  of  tests  was 
then  conducted  using  various  resistors  in  parallel  with  the  generator  mag¬ 
net  as  well  as  various  battery  voltage  startup  conditions. 

The  voltage  monitoring  system  described  in  Section  II  was  in¬ 
stalled  and  proved  effective,  enabling  the  generator  to  be  shut  down  before 
any  severe  arcing  could  be  established. 

Figure  IV-3  shows  the  excitation  characteristics  for  Test  #6, 
The  mass  flow  for  this  test  was  39. 1  Kg/sec  with  2  mole  %  seed.  This  test 
utilized  the  design  length  of  self-excitation  section  plus  electrodes  1-16  of 
the  net  power  section  operating  in  parallel.  To  control  the  value  of  L  di/dt 
at  burner  startup,  a  fixed  shunting  resistor  of  0. 118  ohms  was  placed  in 
parallel  with  the  magnet  and  self -excitation  sections.  As  can  be  seen  in  the 
figure,  at  5.8  seconds  the  burner  was  fired  and  the  generator  started  to  over¬ 
take  the  battery  bank.  At  20  seconds,  the  battery  current  has  gone  down  to 
zero,  and  the  generator  becomes  self-excited.  By  having  the  battery  circuit 
open  at  zero  current  value,  a  smooth  transition  to  generator  only  operation 
was  achieved  instead  of  the  sudden  output  voltage  drop  shown  in  Figure  IV-2. 
This  test  clearly  demonstrates  that  if  the  generator  is  to  be  self-excited  to 
design  condition  using  external  shunt  resistors  without  exceeding  predeter¬ 
mined  values  of  L  di/dt,  it  cannot  be  done  using  fixed  resistors,  since  mag¬ 
net  current  will  level  off  at  a  value  lower  than  the  design  v<*lue;  therefore, 
the  shunt  resistance  must  be  variable.  Figure  IV-3  shows,  once  the  gen¬ 
erator  was  started,  the  value  of  L  di/dt  was  continually  decreasing  although 
the  rate  of  decrease  was  slow  and  the  generator  was  still  self-exciting. 
Therefore,  it  would  have  taken  the  generator  a  relatively  long  time  to  reach 
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the  steady  state  point.  Based  on  the  reeults  of  this  test,  it  v/as  decided  to 
install  a  switchgear  which  could  be  used  to  take  loads  in  and  out  of  parallel 
with  the  magnet  and  hence  have  more  control  over  the  rate  of  self-excitation. 

To  more  effectively  control  the  voltage  potential  between  loa¬ 
ded  and  unloaded  electrodes,  a  system  of  bleed  resistors  was  installed. 

This  system  of  bleed  resistors  was  such  that  the  potential  developed  between 
electrodes  could  be  controlled  and  kept  within  tolerable  values. 

Figure  IV -4  shows  the  excitation  characteristics  for  Test  #10. 
The  tests  conducted  prior  to  #10  were  made  using  higher  values  of  battery 
voltage  and  different  values  of  loading  in  parallel  with  the  self-excitation 
section.  The  tests  indicated  that  the  arcing  problem  would  be  more  severe 
at  higher  voltages  in  the  burner  start  point;  therefore,  Test  #10  was  con¬ 
ducted  using  a  mass  flow  of  39.1  Kg/sec,  2  mole  %  seed,  and  a  battery  vol¬ 
tage  of  204  volts,  with  electrodes  1-17  in  ihe  net  power  section  connected 
to  the  self-excitation  section  and  a  load  resistor  of  0. 110  ohms  in  parallel 
with  the  magnet.  The  burner  start  point  is  exactly  the  same  as  that  shown 
in  Figure  IV-4,  with  the  exception  of  battery  current,  which  is  slightly 
higher  due  to  the  change  in  loading  caused  by  the  bleed  resistors.  As  can 
be  seen,  a  relatively  smooth  transition  from  generator  and  battery  operation 
to  generator  only  operation  was  achieved.  Generator  self-excitation  is  im¬ 
proved  and  the  decrease  in  L  di/dt  is  less  than  that  exhibited  in  Figure  IV-4. 
When  the  magnet  current  attained  a  value  of  10,  000  amperes,  which  is  ap¬ 
proximately  50%  of  the  magnet  design  field  strength,  there  was  a  gross  power 
output  of  4900  kilowatts  (1400  kilowatts  net),  as  well  as  40  volts  positive 
L  di/dt.  At  this  point  there  occurred  a  sudden  decrease  in  generator  output 
current  to  the  load  shunting  the  magnet.  The  sudden  decrease  in  the  current 
value  was  due  to  an  arc  which  had  developed  in  the  inlet  section  of  the  chan¬ 
nel  between  the  burner  and  self -excitation  section.  The  occurrence  was  de¬ 
tected  on  test  monitoring  instrumentation  and  the  generator  was  immediately 
stopped. 


The  inlet  section  had  been  operating  open  circuited  and  the  arc¬ 
ing  which  occurred  made  it  necessary  to  control  the  voltage  distribution  in 
this  section.  A  modification  was  then  made  to  convert  nine  inlet  slabs  into 
wr  king  electrodes  and  thus  provide  the  possib'.lity  to  load  30%  of  the  down¬ 
stream  end  of  the  inlet  section.  These  nine  new  electiodes  were  then  loaded 
in  such  a  manner  as  to  produce  a  favorable  voltage  distribution  and  an  ac¬ 
ceptable  value  of  AV  between  electrodes. 

For  Tests  #11  and  #12  the  mass  flow  and  load  in  parallel  with 
the  magnet  were  varied  from  41.8  Kg/sec  and  0,104  ohms  to  45.0  Kg/sec 
and  0. 156  ohms.  Inaddition,  the  inlet  section  electrodes  were  now  individ¬ 
ually  loaded  and  electrodes  18-23  in  the  net  power  section  were  separately 
loaded.  The  loading  at  each  end  of  the  self-excitation  section  v/as  such  that 
the  load  voltage  would  blend  with  the  open  circuit  voltage  of  the  unloaded  sec¬ 
tion  of  the  channel.  The  generator  failed  to  self-excite  in  Test  #11  as  too 
much  power  was  dissipated  in  the  parallel  load,  while  in  Test  #12  the  gen- 
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erator  self-excited,  but  did  not  attain  the  anticipated  magnet  current.  It 
was  then  discovered  that  the  burner  injector  plate  was  damaged,  admitting 
water  to  the  combustion  chamber,  and  hence  the  results  were  lower  gas 
conductivity  and  a  correspondingly  derated  genexator  performance;  in  addi¬ 
tion,  the  lower  gas  conductivity  also  caused  an  unfavorable  voltage  gradient 
which  resulted  in  electrical  breakdown  at  both  ends  of  the  self -excitation 
section. 

This  occurrence  clearly  demonstrates  that,  if  the  generator 
loading  is  set  up  for  specific  gas  conditions,  and  if  these  conditions  are  not 
met  within  reason,  unfavorable  voltage  gradients  will  exist  over  which  there 
is  no  control  once  the  test  has  been  started.  Knowing  that  the  problem  of 
poor  gas  conductivity  was  solved  y  the  elimination  of  the  water  leaks,  and 
since  it  was  necessary  to  chec'  ,at  the  repaired  burner,  the  next  test  (Test 
#13)  was  made  at  a  reduced  ma  j  flow  of  39. 1  Kg/sec.  The  length  of  the 
self -excitation  section  was  redv  ced  to  include  only  up  to  #1  electrode  in  the 
net  power  section,  while  electrodes  6-17  were  loaded  so  as  to  blend  the  vol¬ 
tage  gradient  of  the  last  loaded  electrode  with  the  open  circuit  voltage  of  the 
first  unloaded  electrode  and  thus  prevent  the  occurrence  ox  too  high  a  AY, 
Figure  IV-5  shows  the  excitation  characteristics  for  Power  Test  #13.  The 
result  of  this  test  was  a  smooth  performance  which  attained  7800  amperes 
magnet  current  or  nearly  what  was  achieved  in  Power  Test  #12.  However, 
this  test  was  conducted  using  a  shorter  length  of  self-excitation  section  and 
a  mass  flow  which  was  10%  less  than  that  used  in  Test  #12.  The  test  was 
stopped  when  it  became  apparent  that  the  rate  of  excitation  was  si ow.  Fmce 
generator  performance  again  indicated  the  presence  of  water  in  the  working 
fluid,  an  investigation  was  made  and  it  was  discovered  that  the  water  had 
been  introduced  into  the  storage  tank  of  the  fuel  system.  The  AV  in  the 
junction  of  the  inlet  and  self-excitation  sections  was  found  to  be  tolerable, 
but  arcing  occurred  at  the  junction  of  the  self-excitation  and  net  power  sec¬ 
tions. 

The  arcing  which  occurred  demonstrated  that  a  good  knowledge 
of  the  electrode  output  voltage  along  the  channel  length  was  required  to  op¬ 
erate  the  generator  in  a  segmented  configuration.  Since  the  AV  at  the  junc¬ 
tion  of  inlet  and  self-excitation  was  found  to  be  tolerable  in  the  preceding 
test,  it  was  decided  to  concentrate  efforts  to  obtain  a  satisfactory  AV  at  the 
junction  of  the  self-excitation  and  the  first  loaded  electrode  in  the  net  power 
output  section. 

Figure  IV-6  shows  the  excitation  characteristics  for  Test  #14. 
This  test  was  made  using  a  mass  flow  of  39. 1  Kg/sec,  2  mole  %  seed,  and 
a  battery  voltage  of  204  volts.  The  net  power  section  was  operated  open 
circuit  to  obtain  a  better  understanding  of  the  existing  voltages,  while  the 
inlet  section,  which  was  working  properly,  was  loaded  as  in  the  preceding 
test.  To  verify  the  gas  conductivity,  electrode  #2  of  the  net  power  section 
was  set  up  so  that  loads  could  be  switched  in  a  few  seconds  after  burner 
start.  It  was  further  planned  to  stop  the  test  at  approximately  6000  amperes 
magnet  current,  but  the  rate  of  self-excitadon  was  such  that  the  magnet 
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current  reached  a  value  of  11,000  amperes  before  the  r.ssf  plan  was  com¬ 
pleted*  Comparing  Test  #13,  Figure  IV-5,  with  Test  #14,  the  effect  whic'1 
a  relatively  small  percentage  of  water  in  the  fuel  has  on  the  gas  conductivity 
is  clearly  evident.  The  rate  of  magnet  excitation  in  Test  #14  was  the  high¬ 
est  of  any  test  which  had  yet  been  experienced*  with  a  maximum  value  of 
L  di/dt  of  130  volts.  Close  examination  of  Figure  III— 6  shows  that  within 
the  first  second  after  burner  startup,  arcing  occurred  as  is  indicated  by  the 
inflection  in  the  curves.  This  means  that  there  was  arcing  inside  the  chan¬ 
nel  from  time  15  seconds  to  burner  shutoff. 

Figure  IV -7  is  a  plot  of  the  total  AV  between  electrode  #1  which 
was  attached  to  the  self-excitation  section  and  electrode  #3,  which  at  burner 
startup  was  operating  open  circuit.  The  figure  shows  an  instantaneous  total 
AV  of  approximately  270  volts  within  one  second  after  burner  startup.  Arc¬ 
ing  then  caused  the  decrease  of  this  voltage  and  the  steps  in  this  curve  re¬ 
sulted  from  the  switching  in  of  the  two  loads,  one  at  5600  amperes  and  the 
other  at  7700  amperes.  It  is  therefore  evident  that  arcing  was  established 
by  this  voltage  peak.  The  results  of  electrical  gas  conductivity  measure¬ 
ments  showed  a  value  within  10%  of  the  theoretical  value.  The  test  also 
demonstrated  that  a  lower  initial  value  of  battery  voltage  would  facilitate  a 
smoother  transition  between  battery  only  and  generator  only  operation,  and 
that  the  AV  can  be  reduced  by  proper  loading  as  indicated  in  the  steps  of 
Figure  IV -7. 


Severe  arcing  occurred  on  both  electrode  walls.  The  arcing 
began  at  electrode  #2  and  was  then  spread  to  other  electrodes  as  cooling 
water  connectors  were  damaged  and  allowed  water  to  enter  the  channel. 

The  gas  conductivity  and  excitation  rate  were  as  expected,  so  it  was  decided 
to  individually  load  the  first  thirty  electrodes  in  the  net  power  section  based 
on  the  data  obtained  from  Test  #14,  while  keeping  the  loading  in  the  inlet 
section  the  same  as  for  the  previous  tests.  Bleed  resistors  were  used  from 
electrode  #1  to  electrode  #5  and  the  battery  voltage  was  reduced  from  204 
volts  to  120  volts.  Test  policy  was  to  bring  the  generator  to  as  high  a  mag¬ 
net  current  as  that  attained  in  Test  #14  and  to  also  find  the  value  of  AV  with¬ 
out  having  arcs  from  burner  start. 

FigureIV-8  shows  excitation  characteristics  tor  Test  #15. 

The  test  was  made  using  a  mass  flow  of  39, 1  Kg/sec  and  2  mole  %  seed. 

The  figure  shows  a  smooth  transition  from  battery  only  to  generator  only 
operation.  The  rate  of  self-excitation  was  continuously  increasing  to  ap¬ 
proximately  17  seconds  after  burner  startup.  At  this  time  the  maximum 
value  of  L  di/dt  of  approximately  110  volts  was  obtained.  From  this  point 
on  arcing  was  occurring  in  the  channel,  causing  a  large  dip  in  magnet  vol¬ 
tage  as  can  be  seen  at  26  seconds  after  burner  startup.  The  net  results  of 
the  test  were  a  smooth  transition  from  battery  to  generator,  and  further 
proof  that  it  was  necessary  to  have  better  control  over  the  rate  of  magnet 
self-excitation  a nu  hence  be  better  able  to  control  the  value  of  JL  di/dt. 

Extreme  arcing  occurred  on  the  anode  wall.  The  worst  dam¬ 
age  was  on  the  top  and  bottom  of  the  electrodes  where  special  edge  pegs 
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were  severely  damaged  as  arcs  had  been  driven  deep  into  the  wail  so  as  to 
damage  the  stateless  steel  electrode  support  bars.  It  was  determined  that 
the  arcs  were  initiated  on  the  edge  pegs*  caused  water  leaks,  and  led  to  the 
breakdown.  Since  the  electrical  insulation  of  the  edge  pegs  was  not  suffi¬ 
cient  to  meet  tire  &V*s  which  were  occurring  in  the  generator  as  the  mag¬ 
netic  field  strength  was  being  increased,  a  program  was  set  upon  to  com¬ 
pletely  insulate  the  edge  pegs  from  the  electrodes. 

Analysis  of  the  data  showed  that  the  test  had  been  the  best  to 
date  regarding  total  power  output.  A  total  power  of  7400  kilowatts  wa 
achieved*  with  3650  kilowatts  being  in  the  magnet  and  3550  kilowatts  net 
power.  This  test  indicated  that  it  was  necessary  to  have  better  control  of 
the  value  of  L  di/dt,  which  could  be  clone  by  several  methods,  such  as  con¬ 
trolling  the  length  of  the  self-excitation  or  better  still  by  switching  loads  in 
and  out  of  parallel  with  the  magnet.  It  was  decided  that  a  series  of  tests 
should  be  made  in  which  the  e££er':s  of  magnet  shunting  could  be  found,  using 
die  previously  installed  switchgear.  Since  parallel  operation  of  the  elec¬ 
trodes  in  the  net  power  section  with  the  seif-excitation  section  greatly  re¬ 
duces  me  danger  of  any  arcing,  it  was  decided  to  parallel  the  first  30  elec¬ 
trodes  in  the  net  power  section. 

Ten  load  resistors  were  each  set  at  0.305  ohms  and  set  up 
such  that  five  fixed  loads  could  be  connected  in  parallel  with  the  magnet 
while  the  remaining  five  loads  were  installed  such  that  they  could  be  switched 
in  and  out  of  parallel  with  the  magnet.  The  policy  for  this  series  of  tests 
was  to  obtain  a  smooth  transition  in  the  magnet  voltage  between  battery  only 
and  generator  operation,  and  tc  3 top  the  generator  at  15,000  amperes  mag¬ 
net  current. 


Tests  16-20  were  therefore  r  onducted  with  a  parallel  loading 
configuration.  Various  lengths  of  self-excitation  section  and  loading  were 
utilized  while  the  loading  could  be  varied  during  the  test  by  switching  loads 
in  and  out  of  parallel  with  the  magnet.  For  these  tests  the  burner  operating 
conditions  were  kept  at  a  mass  flow  of  39. 1  Kg/sec,  a  seed  rate  of  2  mole  %, 
and  an  initial  battery  voltage  of  156  volts,  with  the  burner  being  fired  when 
the  magnet  current  reached  a  \alue  of  2500  a  .ipeies.  The  most  significant 
of  these  tests  are  Tests  #18  and  #20.  The  excitation  characteristics  for 
Test  #18  are  shown  in  Figure  IV -V.  The  test  was  staxced  with  five  switch- 
able  loads  in  parallel  with  the  magnet.  After  a  10-second  pre -excitation  by 
the  battery  bank,  the  burner  was  ignited.  The  pre  sen  e  of  this  impedance 
was  reflected  in  the  low  value  of  I.  di/dt  immediately  iv_  ’owing  burner  igni- 
Some  of  the  shunt  resistance  was  men  switched  out  and  the  generator 
began  to  excite  at  a  rapidly  increasing  rate.  One  shunt  resistor  was  kept  in 
until  approximately  33  seconds  when  addition  -1  shunt  resistors  were  c  'in 
added  to  the  extent  that  a  negative  L  di/dt  resulted  as  is  bown  in  the  .  ^ure 
when  the  magnet  voltage  curve  drops  below  the  IR  curve.  At  this  time  eorae 
of  the  shunt  circuits  were  opened  and  the  generator  showed  a  rapid  excita¬ 
tion  rate.  When  the  magnet  current  obtained  a  value  of  15,  200  amperes 
(70%  of  the  design  maximum  current),  the  burner  was  extinguished  as  had 
been  programmed.  The  reason  15,  200  amperes  had  been  set  as  a  maximum 
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ior  this  test  was  that  the  magnet  cufiesi  asd  stresses  exceeded  those  of 
any  previous  run,  and  it  is  not  desirable  to  go  tno  far  with  the  excitation  at 
a  single  step.  Besides  having  attain w«.  -  uuwe;  output  of  Jl,  200  kilowatts 
With  the  test,  the  fact  that  ^  di/dt  could  he  easily  regulated  using  the  oroper 
shunt  resistors  was  proven. 

Figure  ,tV~I0  is  a  plot  of  the  axial  voltage  distribution  for  the 
indicated  electrode  pairs  measured  during  Test  #19  and  is  plotted  for  three 
times  during  the  test.  From  these  curves  5*  can  be  sees  that  the  loading  in 
the  inlet  section  produces  voltages  which  bleed  smoothly  wish  the  magnet 
voltage.  The  voltage  on  inlet  electrode  IX  to  61  varies  directly  as  the  mag¬ 
netic  field  strength,  but  the  voltage  or?  electrodes  71  through  91  is  influenced 
by  a  combination  of  magnetic  field  strength  and  ,L  di/dt  through  a  network  of 
bleeder  resistors  interconnecting  these  electrodes.  The  voltage  -variation 
in  electrodes  71  through  91  is  therefore  greatly  affected  by  the  value  of 
L  di/dt.  This  influence  is  most  pronounced  in  the  curve  for  11  seconds 
where  the  L  di/dt  is  a  large  percentage  of  the  magnet  ^/oltage.  Electrodes 
$  1  -30  are  operated  at  die  same  voltage  as  the  magnet  since  they  are  shor¬ 
ted  to  the  self-e  Station  section*  Electrodes  #31-30  are  operated  open 
circuited.  Since  ....are  exists  a  fringing  effect  of  the  current  flow  through 
the  gas,  the  excess  voltage  which  would  be  expected  to  exist  on  electrode 
#31  is  spread  out  to  the  neighboring  electrodes  and  hence  a  blending  of  vol¬ 
tage  between  #30  and  #31  is  obtained. 

The  excitation  characteristics  for  Teat  #20  are  shown  in  Fig¬ 
ure  IV-ii.  The  generator  operating  conditions  and  start  point  are  exactly 
the  .same  as  those  used  in  Test  #18,  except  that  the  number  of  shunt  resis¬ 
tors  connected  at  burner  start  are  reduced  and  the  loading  configuration  in¬ 
clude*  electrodes  #1-50  in  parallel  with  the  magnet,  while  Test  #18  used 
only  electrodes  #1  -30  in  jmr&llel  with  the  magnet.  The  figure  shows  smooth 
transition  from  battery  to  generator  only  operation.  The  curve  of  the  mag¬ 
net  voltage  demonstrates  that  the  use  of  switchgear  to  shunt  the  magnet 
causes  large  changes  in  the  magnet  voltage.  From  the  curve  it  can  be  seen 
that  at  18  and  again  at  20  seconds  loads  were  removed  from  the  circuit  in 
parallel  with  the  magnet.  This  is  indicated  by  the  instantaneous  rise  in 
magnet  voltage.  Upon  removal  of  these  loads  the  rate  of  generator  self- 
excitation  increases  rapidly.  The  smooth  excitation  continues  to  approxi¬ 
mately  30  seconds,  at  which  time  as.  electrical  breakdown  caused  a  sudden 
drop  in  the  magnet  voltage.  The  power  dissipated  elsewhere  in  the  channel 
as  the  result  of  the  electrical  breakdown  promotes  a  decrease  in  L  di/dt 
and  hence  degrades  the  entire  generator  performance. 

At  this  point  in  the  program  the  most  serious  problem  was  the 
high  voltage  gradient  between  the  last  working  electrode  in  the  self-excita¬ 
tion  section  and  the  first  electrodes  m  the  net  power  section.  Several  me¬ 
thods  besides  loading  were  investigated  to  minimize  this  problem,  but  the 
best  was  to  cool  the  gas  boundary  layer  in  this  critical  junction  and  thus 
present  a  high  electrode  drop  which  must  be  overcome  before  arcing  can 
occur.  This  method  removed  the  refractory  materials  which  filled  the 
grooves  of  electrode  pairs  9sx  and  #1  (see  Figure  H~D1},  and  then  the 
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grooves  were  filled  with  solid  metal  and  hence  became  flat  copper  elec¬ 
trodes.  The  net  result  of  this  change  was  an  increase  in  heat  transfer  by 
virtu v.  of  the  increased  heat  conducting  surface  exposed  to  the  working  fluid, 
which  resulted  in  a  lower  boundary  layer  temperature  and  a  correspondingly 
higher  breakdown  voltage  between  electrodes. 

The  following  tests  were  devoted  to  obtaining  an  ever  smoother 
generator  startup  and  eliminating  the  arcing  problem  between  the  self-ex- 
citation  section  and  the  net  power  section,  while  operating  the  net  power 
section  in  a  segmented  configuration. 

Power  Test  #21  was  run  at  a  mass  fLow  of  38.7  Kg/sec,  with 
the  battery  voltage  reduced  from  156  to  120  volts,  and  the  main  burner  be¬ 
ing  started  when  the  magnet  current  attained  a  /alue  of  2000  amps.  A  bleed¬ 
er  network  was  installed  between  the  self -excitation  electrodes  and  the  first 
six  working  electrodes  in  the  net  power  section.  Resistors  vised  tc  shunt 
the  magnet  for  the  control  of  L  di/dt  were  removed  from  the  test  hookup, 
since  che  generator  would  start  at  lower  field  strength  and.  the  value  of 
L  di/dt  would  be  low.  A  smooth  transition  was  achieved,  and  L  di/dt  was 
approximately  100  volts  when  the  test  was  stopped  at  5500  amperes.  Figure 
IV-12  shows  the  transverse  voltage  distribution  as  a  function  of  channel 
length.  As  can  be  seen,  there  is  a  sharp  decrease  in  output  voltage  occurring 
in  the  middle  of  the  net  power  section.  This  sharp  voltage  drop  and  hence 
poor  performance  may  be  attributed  to  the  introduction  of  water  into  the  gas 
stream.  The  result  of  this  voltage  distribution  and  hence  large  voltage 
gradients  along  the  electrode  ’Is  is  arcing. 

The  results  of  s  *al  tests  indicated  that  a  lower  battery  vol¬ 
tage  would  insure  a  smoother  transition  from  battery  only  to  generator  only 
operation;  a  bleeder  network  installed  at  the  critical  junctions  of  each  end 
of  the  self-excitation  section  would  eliminate  arcing,  and  that  the  channel 
must  be  perfectly  watertight  to  obtain  reliable  generator  performance. 

This  series  of  tests  was  plagued  by  minoi  difficulties,  such  as 
individual  water  leaks  in  the  channel,  plugged  fuel  nozzles,  and  the  presence 
of  eddy  currents  in  the  downstream  end  of  the  net  power  section.  However, 
the  critical  junctions  of  the  generator  at  both  ends  of  the  self-excitation  sec¬ 
tion  operated  satisfactorily. 

The  most  significant  of  these  tests  was  Test  #28,  in  which  the 
switching  was  again  used  to  shunt  the  magnet  and  control  the  excitation  rate. 
The  excitation  characteristics  for  Power  Test  #28  are  shown  in  Figure  XV- 
13,  This  figure  shows  that  two  shunts  were  added  to  the  magnet  circuit  at 
14  and  18  seconds  and  were  removed  at  43  and  47  seconds.  The  magnet 
current  reached  a  maximum  of  7700  amperes  and  L  di/dt  was  60  volts  when 
the  collapse  occurred  initiating  shutdown.  The  net  power  output  for  this 
test  was  approximately  5000  kilowatts  and  no  arcing  was  experienced  in  the 
junction  between  self -excitation  and  net  power  section. 
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The  program  bad  now  reached  the  level  of  progress  where  it 
wa:i  felt  that  a  sufficient  knowledge  of  the  generator  startup  had  been  at- 
Vi  mod,  and  that  nelf-excitation  of  the  generator  could  easily  be  attained 
without  the  occurrence  of  arcing  in  the  critical  junctions  of  the  self-excita¬ 
tion  sections.  Sufficient  experience  in  magnet  shunting  to  control  L  di/dt 
was  obtained,  and  during  the  process  a  good  knowledge  of  proper  loading 
tec  Uniques  for  the  net  power  section  had  been  obtained.  The  goals  of  the 
program  were  now  within  reach,  so  the  remainder  of  the  program  may  be 
considered  as  power  testing  to  achieve  rated  generator  performance. 


C.  POWER  GENERATION 


In  conducting  the  net  power  tests  the  generator  starting  condi¬ 
tions  were  fixed  to  be  an  initial  battery  voltage  of  120  volts,  burner  firing 
point  of  2000  amperes,  and  every  electrode  An  the  net  power  section  in.di'* 
vi dually  loaded.  In  addition,  the  mass  flow  was  kept  constant  at -46.  4  Kg/ 
sec,  with  a  sesd  rate  of  2  mole  %  Potassium.  Theee  conditions  were  not 
changed  until  the  latter  part  of  the  testing  program  where  new  conditions 
are  then  noted. 

The  first,  test  in  the  new  series  presented  the  mout.critical 
problem  encountered  in  the  program.  Special  voltage  monitoring  systems 
showed  that  during  the  test  there  occurred  a  voltage  collapse  and  severe 
arcing  in  tne  region  of  electrodes  20  through  40.  It  was  felt  that  the  loaning 
pattern  had  not  been  properly  selected  and  that  arcing  had  been  initiated 
causing  water  leaks  and  hence  the  collapse. 

The  loading  for  the  next  test  was  adjusted  and  again  the  voltage 
collapse,  accompanied  by  arcing,  was  experienced.  The  potential  differ¬ 
ence  at  which  the  collapse  occurred  was  identified  to  be  in  the  region  of  25 
to  30  volts  per  electrode  spacer.  Figure  IV— 14  shows  the  transverse  vol¬ 
tage  distribution  for  two  different  magnet  currents,  one  just  prior  to,  the 
other  just  after  the  collapse.  During  this  test  the  generator  excitation  rate 
was  leas  than  expected,  and  a  thorough  investigation  and  checkout  of  all 
generator  components  and  control  systems  revealed  water  leaks  in  the  joint 
between  the  channel  inlet  flange  and  burner  nozzle.  This  explained  poor 
generator  performance  and  since  the  leaks  were  on  the  anode  side,  another 
test  was  necessary  In  which  no  water  leaks  occurred  to  identify  the  arcing 
problem.  The  test  was  made  duplicating  previous  conditions  only  with  no 
water  leaks  in  the  channel.  Again  the  voltage  collapse  occurred  at  exactly 
the  same  voltage  gradient. 

Since  the  electrodes  could  not  withstand  a  AV  of  more  than  25 
volts,  it  wan  decided  to  improve  the  electrical  characteristics  of  the  anode 
wall  by  modifying  the  electrodes.  The  modification  made  was  as  described 
in  Section  II  of  this  report. 
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Water  leaks  in  the  channel  inlet  section  plagued  the  next  ser¬ 
ies  of  tests.  These  water  leaks  were  of  sufficient  magnitude  so  as  to  shield 
the  downstream  end  of  the  net  power  section  such  that  no  voltage  output 
could  be  developed.  Some  slight  arcing  was  now  experienced  on  the  cathode 
wall,  but  the  modified  electrodes  on  the  anode  did  not  arc  and  appeared  to 
be  in  excellent  condition. 

Upon  repair  of  the  inlet  section  another  test  was  made  and 
once  again  the  voltage  collapse  occurred.  However,  no  damage  was  ex¬ 
perienced  in  the  channel,  no  water  leaks  could  be  found  and  the  excitation 
rate  was  good  with  a  value  of  L  di/dt  of  100  volts  remaining  when  the  test 
was  stopped. 

With  the  conclusion  of  this  test  all  factors  indicated  that  the 
voltage  collapse  experienced  was  the  result  of  recirculation  of  cooling  water 
used  to  quench  the  exhaust  gas.  The  theory  of  such  an  occurrence  is  well 
known;  however,  prior  to  this  test  the  other  problems  had  not  been  elimin¬ 
ated  and  the  problem  could  not  be  placed  on  recirculation. 

From  the  pressure  distribution  it  was  evident  that  fluid  in  the 
channel  was  being  expanded  to  a  pressure  less  than  that  of  the  exhaust  sys¬ 
tem,  and  due  to  this  overexpansion  of  the  flow,  a  shock  induced  boundary 
layer  separation  occurred.  Since  pressure  taps  are  lo'ated  in  one  insu¬ 
lating  wall,  the  location  of  the  separation  point  on  the  e.  ‘•rode  walls  can  be 
better  found  using  electrical  test  data.  From  published  a.^odynamic  data 
it  was  found  that  separation  of  the  jet  from  the  wall  would  occur  whenever 
the  channe.jL  (nozzle)  pressure  is  approximately  0.38  to  0.40  of  the  exhaust 
pressure.* 

The  flow  separation  is  the  result  of  the  shock  and  boundary 
layer  interaction,  which  creates  a  region  of  oblique  shocks  with  regular  or 
Mach  type  reflections  proceeding  downstream  while  the  flow  remains  super¬ 
sonic.  The  fact  that  the  flow  remains  supersonic  and  thej.-efore  that  only 
oblique  shocks  existhas  been  verified  by  the  channel  voltage  distributions, 
as  can  be  seen  in  Figure  IV -’14.  The  pressure  gradient  from  the  shock 
location  to  the  exhaust  duct  allowed  water  vapor  to  mix  with  the  separated 
flow,  which  recirculated  creating  a  layer  of  relatively  cold  non-conducting 
gas  which  effectively  shielded  the  electrodes.  Presumably,  as  the  output 
power  increases,  the  flowMach  number  decreases,  causing  a  pressure  rise 
which  would  relieve  the  separation.  However,  before  sufficient  power  could 
be  developed  to  raise  the  static  pressure,  water  has  recirculated,  derating 
the  operation.  In  an  effort  to  move  the  separation  point  from  the  power  sec¬ 
tion  to  the  exit  section,  mass  flow  was  increased  from  39. 1  Kg/sec  to  47.8 
Kg/sec,  resulting  in  moving  the  separation  point  from  electrode  #18  to  elec¬ 
trode  #25  (see  Figure  TV-15).  After  changing  the  mass  flow,  arcing,  which 
was  usually  concentrated  near  electrode  #18,  began  at  electrode  #25.  To 
move  the  separation  point  out  of  the  power  section  by  increasing  mass  flow 
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required  mass  flows  in  excess  of  the  original  design  conditions,  and  so 
other  means  of  moving  the  separation  point  and  eliminating  water  were  in¬ 
vestigated. 


It  appeared  the  simplest  solution  was  to  eliminate  the  water 
by  modifying  the  transition  section  and  channel  cooling  water  discharge 
system.  While  design  of  such  an  apparatus  was  underway,  testing  was  con¬ 
tinued  by  temporarily  modifying  the  channel  cooling  water  discharge  and  by 
adding  a  simple  spray  cooled  extension  to  the  existing  cylindrical  transition 
section.  Results  of  this  test  were  encouraging  as  no  voltage  collapse  or 
arcing  was  experienced.  Tests  using  the  modified  transition  section  were 
terminated  due  to  overheating  of  the  spray  cooled  transition  section. 

A  new  transition  section  was  made  to  prevent  cooling  water 
from  entering  the  channel  and  act  as  a  diffuser  for  the  supersonic  flow, 
allowing  for  a  controlled  pressure  recovery  between  the  channel  and  exhaust 
duct.  The  transition  section  matches  the  shape  of  the  channel  exit,  is 
water -jacketed,  and  approximately  four  channel  diameters  long.  For  the 
supersonic  flow  a  constant  cross  section  rather  than  a  converging  diffuser 
was  made.  The  reasons  for  this  were  ease  of  constructing  a  rectangular 
duct,  and  most  important,  the  possibility  of  inducing  a  normal  shock  in  the 
diffuser  was  practically  eliminated  so  that  a  really  good  diffuser  was  not 
required.  In  order  to  design  a  converging  diffuser  for  a  separated  supe;rp> 
sonic  flow,  many  tests  would  have  been  required  to  compile  significant  de¬ 
sign  data;  this  in  itself  being  time-consuming  and  costly.  For  the  small 
decrease  in  efficiency,  a  constant  cross  section  diffuser  was  deemed  the 
best  for  the  purpose.  A  comparison  of  the  pressure  distributions  before 
and  after  installation  of  the  diffuser  is  shown  on  Figure  IV-16.  It  is  seen 
that  the  addition  of  the  diffuser  shifts  the  point  of  separation  well  downstream 
of  the  net  power  section,  eliminating  recirculation  of  cooling  water  on  the 
electrodes. 


Upon  installing  the  diffuser,  the  separation  problem  became 
unimportant  to  the  generator  performance  and  no  further  difficulties  in  this 
vein  were  experienced  for  the  remainder  of  the  testing  program. 

Power  Test  #40  was  the  first  test  performed  with  the  water- 
jacketed  channel  extension  duct.  The  tes.t  was  conducted  under  identical 
conditions  to  those  which  existed  in  previous  tests.  The  data  revealed  that 
the  separation  point  was  moved  further  downstream,  the  excitation  was  good, 
and  the  output  voltage  and  the  open  circuit  voltage  came  up  as  expected  in  the 
exit  section. 

The  test  was  stopped  due  to  arcing  between  external  steel  sup¬ 
port  bars  on  the  exit  section  of  the  channel  to  the  magnet.  The  maximum 
magnet  current  was  7500  amperes,  and  the  L  di/dt  at  the  end  of  the  test 
was  110  volts. 


The  damage  to  the  generator  was  minor;  however,  the  mater¬ 
ial  for  the  support  bars  on  the  exit  section  of  the  channel  was  changed  and 
the  damage  to  the  magnet  was  repaired. 

For  the  next  series  of  tests  the  mass  flow  was  increased  to 
47.8  Kg/sec  to  insure  that  the  separation  point  was  located  outside  of  the 
net  power  section  as  the  load  was  increased.  The  test  configuration  was 
the  same  as  in  Test  #40,  with  the  exception  that  the  last  three  inlet  elec¬ 
trodes  were  connected  to  the  self-excitation  section  to  increase  the  rate  of 
excitation.  The  test  was  stopped  at  a  magnet  current  of  8700  amperes  due 
to  the  failure  of  a  cooling  water  fitting  on  the  channel  extension  duct.  The 
rate  of  excitation  was  markedly  improved  despite  the  existence  of  slight 
water  leaks  in  the  top  wall  of  the  inlet  section. 

The  next  tests  were  conducted  using  identical  testing  condi¬ 
tions.  The  tests  were  each  stopped  when  external  arcing  occurred  in  the 
exhaust  system.  The  overall  performance  of  the  tests  was  derated  by  these 
external  arcs,  and  the  electrical  insulation  in  the  exhaust  system  was  fur¬ 
ther  improved  for  each  test.  During  Test  #45  arcing  was  experienced  be¬ 
tween  copper  slabs  in  the  electrode  wails  of  the  exit  section.  To  improve 
the  insulation  in  this  region  the  width  of  the  refractory  grooves  was  increased. 

For  these  tests  the  loading  was  adjusted  slightly  to  optimize 
net  power  output.  The  maximum  magnet  currents  attained  were  between 
9200  and  10,000  amperes.  Figure  IV-17  shows  the  best  excitation  rate 
achieved,  with  120  volts  JL  di/dt  remaining  when  the  test  was  discontinued. 

A  maximum  magnet  current  of  12,  200  amperes  was  achieved 
in  the  next  test  which  was  stopped  at  this  point  due  to  a  decrease  in  the  ex¬ 
citation  rate.  Severe  damage  from  arcing  was  experienced  on  both  "elec¬ 
trode-type  walls"  (see  Figure  H-2)  in  the  exit  section  as  well  as  between 
electrodes  on  the  negative  wall  of  the  power  section.  The  breakdown  in  the 
end  of  the  exit  section  occurred  at  a  voltage  gradient  along  the  electrode 
wall  of  1600  volts  per  meter,  or  approximately  80  volts  per  insulator. 

The  results  of  this  test  showed  that  the  widening  of  the  refractory  grooves 
was  not  sufficient  to  prevent  arcing  and  to  bring  the  generator  to  rated  per¬ 
formance,  so  to  further  improve  the  insulating  capabilities  of  the  wall,  a 
finer  segmentation  of  the  "electrode"  wall  in  the  exit  was  made  by  splitting 
the  copper  slabs  in  the  end  of  the  exit  section  where  the  voltage  gradient 
was  the  highest.  At  the  same  time  the  channel  extension  duct  was  insulated 
from  the  channel  to  remove  the  dead  short  across  the  insulating  walls. 

Test  #47  reached  a  magnet  current  of  11,800  amperes  where 
the  test  was  stopped  due  to  slow  excitation.  The  slow  excitation  was  caused 
by  water  leaks  in  the  inlet  section;  however,  no  arcing  was  experienced  in 
the  entire  generator.  This  was  the  highest  magnet  current  attained  without 
experiencing  arcing  in  the  channel. 
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To  further  increase  the  power  output  and  lower  the  Hail  vol¬ 
tage,  Tests  #48  through  #50  were  performed  with  an  increased  seed  rate  of 
2.38  mole  %,  while  keeping  mass  flow  and  loading  the  same  as  in  previous 
tes.s,  Test  #49  was  stopped  at  a  magnet  current  of  10, 800  amperes  at 
which  time  instabilities  in  voltage  output  occurred.  No  arcing  occurred  on 
electrode  walls,  but  there  were  indications  of  minor  arcs  ou  the  insulating 
walls.  After  cleaning  the  channel  and  repairing  refractory.  Test  #50  was 
performed  which  achieved  a  magnet  current  of  12,  BOO  amperes,  as  can  be 
seen  in  Figure  XV-18,  The  test  was  stopped  when  a  decrease  in  the  rate  of 
excitation  was  observed,  caused  by  water  leaks  developing  in  the  channel  at 
a  magnet  current  of  approximately  9000  amperes. 

Inspection  of  the  channel  after  the  test  revealed  no  damage  to 
the  electrode  walls,  but  arcing  had  occurred  in  the  insulating  walls.  The 
arced  region  was  from  the  end  of  the  self-excitation  section  anode  wall  to 
the  end  of  the  net  power  section  cathode  wall.  Figure  IV-19  is  a  diagram 
showing  the  voltage  distribution  in  the  power  and  exit  sections.  The  voltage 
across  the  arced  region  is  2900  volts  and  is  equivalent  to  88  volts  per  in¬ 
sulation  in  the  insulating  wall,  a  value  exceeding  the  design  conditions  be¬ 
cause  of  a  high  value  of  0>T  caused  by  the  overexpanded  rj . 

Figure  IV-20  is  a  diagram  showing  power  vs  magnet  current 
for  Test  #50.  The  power  level  in  the  end  of  the  test  was  14,  000  kilowatts 
net  and  19,200  kilowatts  gross,  which  was  the  highest  power  level  achieved 
at  that  time.  Predicted  power  is  also  shown  in  Figure  IV-19,  the  difference 
between  expected  and  actual  power  being  caused  by  the  water  leaks  and  arc¬ 
ing. 


The  capability  of  the  insulating  walls  to  withstand  higher  vol¬ 
tages  was  improved  by  increasing  the  distance  between  pegs  as  described  in 
Section  II. 


In  order  to  reduce  the  voltage  gradients  in  the  channel  and  to 
increase  the  excitation  rate,  a  fuel  mixture  of  50%  ethyl  alcohol  and  50% 
methylcyclohexane  was  used  for  further  testing.  The  properties  of  methyl- 
cyclohexane  compare  closely  to  JF-4  with  the  exception  that  methylcyclo¬ 
hexane  will  mix  with  seeded  alcohol  while  JF-4  will  not.  For  a  correspon¬ 
ding  mass  flow,  this  new  fuel  mixture  has  a  20%  higher  heat  release  and  a 
higher  stagnation  temperature  and  in  turn  higher  conductivity.  For  this 
reason,  the  internal  resistance  of  the  channel  is  lowered,  so  the  external 
loads  must  be  reduced  to  maintain  matched  loading.  The  external  loads  for 
the  same  power  level  draw  a  higher  current  which  causes  a  lower  transverse 
voltage  but  a  higher  Hall  voltage.  The  net  effect  is  a  decrease  in  the  channel 
voltage  gradients  since  the  increase  in  Hall  voltage  is  less  than  the  decrease 
in  transverse  voltage. 

The  test  was  conducted  using  a  mass  flow  of  47.8  Kg/sec  of 
fuel  oxidizer  mixture,  1.3  mole  %  seed,  120  volts  on  the  battery  bank,  and 
a  burner  start  at  1700  amperes  magnet  current.  Starting  at  a  lower  magnet 


i  urrent  was  done  to  eliminate  voltage  peaks  in  the  startup  due  to  the  expec¬ 
ted  increase  in  excitation  rate.  Figures  IV-21  and  IV -22  show  the  excita¬ 
tion  characteristics  and  power  vs  magnet  current  for  Pov/er  Test  #51.  The 
test  was  highly  successful  in  that  the  excitation  rate  was  as  expected  and  a 
net  power  output  of  19#  100  kilowatts  was  achieved  at  a  magnet  current  of 
12#  800  amperes.  The  gross  power  output  was  24,  300  kilowatts.  The  im¬ 
provement  in  the  electrical  properties  of  the  gas  is  evident  in  that  a  mag¬ 
net  current  of  12#  800  amperes  was  achieved  at  time  28  seconds,  while  in 
Test  #50,  12,800  amperes  was  not  achieved  until  approximately  time  52 
seconds.  The  rate  of  self-excitation  experienced  in  this  test  produced 
L  di/dt's  as  high  as  240  volts  and  there  still  remained  193  volts  L  di/dt 
when  the  test  was  stopped.  The  test  was  stopped  at  12,800  amperes  due  to 
an  external  flash  in  the  exhaust  system.  Water  leaks  had  developed  in  the 
channel  inlet  section  and  every  indication  was  that  the  performance  was  be¬ 
ing  derated  by  these  leaks.  No  arcs  were  experienced  in  any  section  of  the 
channel. 


Tests  52-55  were  conducted  under  conditions  similar  to  those 
of  Test  #51.  However,  due  to  water  leaks  and  other  minor  problems,  the 
net  power  achieved  in  Test  #51  was  not  equalled,  although  the  magnet  was 
excited  to  higher  field  strengths. 

Test  #56  was  performed  with  a  mass  flow  of  52. 3  Kg/sec,  1.5 
mole  %  seed,  and  a  loading  patterr  and  battery  voltage  identical  to  those  of 
Test  #51.  The  maximum  net  power  for  this  test  was  23,  600  kilowatts  with 
a  maximum  gross  power  of  32,  000  kilowatts. 

Figure  IV-23  shows  power  as  a  function  of  time  for  the  entire 
test.  At  the  time  6. 1  seconds  the  main  burner  was  ignited.  At  8. 1  seconds 
the  generator  overtook  the  battery  bank  and  from  there  on  the  generator  was 
self-excited.  The  gross  power  output  increased  rapidly  until  the  maximum 
was  attained.  Since  the  magnet  is  of  heat  sink  design,  the  coil  temperature 
increases  with  time  resulting  in  a  higher  magnet  impedance.  This  higher 
magnet  impedance  causes  a  lower  magnet  current,  therefore  a  lower  mag¬ 
netic  field,  and  in  turn,  less  gross  power  output. 

Figure  IV-24  shows  the  excitation  characteristics  which  reveal 
this  test  to  have  the  most  rapid  excitation  of  any  test  in  the  entire  program. 
The  maximum  value  of  L  di/dt  was  controlled  by  shunting  the  magnet  so  as 
not  to  exceed  a  value  of  250  volts.  As  can  be  seen  in  Figure  IV-24,  the 
magnet  voltage  reaches  a  maximum  15  seconds  after  burner  start  and  L  di/dt 
goes  to  zero  at  the  time  30  seconds  after  burner  start.  At  this  time  the  max¬ 
imum  magnet  current  of  19,000  amperes  was  obtained  corresponding  to  field 
strengths  of  31,  500  gauss.  After  having  reached  this  value  a  slight  dropoff 
in  magnet  current  can  be  seen.  This  is  also  due  to  the  previously  described 
ohmic  heating. 

Figures  IV -25  and  IV —26  show  current  and  power  densities 
respectively,  for  various  magnet  currents.  The  change  in  slope  of  the 
power  and  current  density  plots  with  increasing  magnetic  field  is  due  to 
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changes  in  the  local  gas  velocity.  As  the  magnet  current  increases  more 
power  is  generated  and  the  resulting  drag  reduces  the  gas  velocity;  how¬ 
ever,  internal  joule  dissipation  and  increased  pressure  result  in  increased 
conductivities  so  that  the  change  in  slope  o£  the  power  and  current  density 
curves  is  slow  until  the  MHD  body  forces  become  dominant  over  the  other 
variables.  The  rise  in  the  curves  from  electrode  #45  on  is  due  to  the  load¬ 
ing  pattern  required  to  blend  the  voltage  of  the  last  loaded  electrode  with 
the  open  circuit  voltage  of  the  exit  section. 

Figure  IV-27  is  a  typical  pressure  distribution  taken  at  16,000 
amperes  magnet  current.  The  minimum  pressure  at  the  time  shown  is  0.51 
atm  and  this  point  is  located  outside  of  the  working  section  of  the  channel. 

It  can  also  be  seen  that  there  is  sufficient  pressure  drop  available  to  obtain 
higher  current  densities. 

The  transverse  voltage  distribution  for  electrode  #21  at  a  mag¬ 
net  current  of  16,  500  amperes  is  shown  in  Figure  IV-28.  The  shape  of  this 
diagram  is  typical  of  the  voltage  distribution  throughout  the  generator.  The 
output  voltage  for  this  magnet:  current  is  870  volts.  The  figure  shows  that 
if  losses  associated  with  electrodes  could  be  eliminated  or  reduced  a  sub¬ 
stantial  increase  in  voltage  (hence,  net  power  output)  would  be  attained. 

The  losses  in  this  case  are  approximately  150  volts  with  130  volts  being  on 
the  anode  with  20  volts  on  the  cathode  side.  These  “electrode  drop"  losses 
are  higher  than  what  would  be  normally  expected,  but  water  leaks,  upstream 
on  the  anode  wall,produce  the  large  difference  experienced  from  anode  to 
cathode.  The  linear  portion  c:f  the  diagram,  which  traverses  the  major 
portion  of  the  channel  width,  ;i  s  a  direct  reflection  of  the  internal  impedance 
and  hence  the  electrical  conductivity  of  the  gas. 

Figure  IV-29  depicts  a  typical  voltage  distribution  throughout 
the  net  power  and  exit  section,  The  voltage  for  the  anode,  cathode  and 
channel  centerline  is  shown,  together  with  the  output  voltage  at  a  magnet 
current  of  19,000  amperes. 

The  voltages  are  measured  with  respect  to  ground  (in  this 
case,  the  burner)  while  the  output  voltage  is  measured  across  the  electrode 
pairs.  Hence,  the  voltage  between  the  anode  and  cathode  lines  is  the  out¬ 
put  voltage.  After  electrode  pair  #50,  the  voltage  is  shown  open  circuit 
voltage  which  accounts  for  the  3harp  change  in  slope  of  the  curves  at  this 
point.  The  maximum  voltage  gradient  is  1650  volts/meter  on  the  cathode 
wall  while  the  maximum  voltage  to  be  withstood  is  between  electrode  #2  on 
the  anode  to  electrode  #50  on  die  cathode  which  for  this  case  is  2600  volts. 

Figures  TV -25  and  IV-26  illustrate  the  impulse  mode  of  opera¬ 
tion  for  the  Mark  V,  which  was  found  to  perform  beyond  the  design  reac¬ 
tion  configuration  during  the  test  program.  The  new  mode  of  performance 
is  particularly  evident  in  the  power  density  distribution  shown  in  Figure 
IV-26.  It  will  be  notedin  Figure  IV -23  that  the  net  power  output  rises  to  a 
maximum  at  a  time  of  21  seconds  at  which  time  the  magnet  current  is  about 
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15,  600  amps,  which  is  substantially  less  than  the  design  value  of  22,  000 
amperes  and  corresponds  to  a  magnet  power  dissipation  of  about  one-half 
the  design  value.  It  is  noted  from  Figure  IV -23  that  the  net  power  output 
actually  decreases  when  the  magnet  current  goes  above  15,  600  amps,  and 
that  the  best  operation  would  be  achieved  at  the  lower  magnet  current. 

The  power  density  of  an  MHD  generator  is  proportional  to  the 
product  of  the  gas  density  and  the  square  of  the  gas  velocity.  Where  the 
combustion  gases  are  used  in  the  Mark  V  generator,  the  peak  value  of  the 
power  density  occurs  at  a  Mach  number  slightly  below  2.  The  Mark  V  gen¬ 
erator  was  designed  for  maximum  flow  number  of  Mach  1.2  at  the  design 
condition.  The  net  output  of  the  power  section  was  calculated  using  gas  in¬ 
let  conditions  at  the  power  section  corresponding  to  those  which  were  ob¬ 
tained  with  the  design  current  of  22,  000  amps  in  the  magnet.  No  calcula¬ 
tions  of  the  power  section  were  made  for  magnet  currents  below  the  design 
value. 


With  a  magnet  current  lower  than  the  design  value  the  MHD 
drag  on  the  gas  in  the  excitation  section  is  much  less  than  that  predicted. 
Thus,  instead  of  entering  the  power  section  at  a  Mach  number  of  about  1.1, 
as  was  the  case  with  the  original  design,  the  flow  enters  the  power  section 
at  a  Mach  number  close  to  1.7  or  1.8,  with  a  greatly  increased  power  den¬ 
sity  for  a  given  magnetic  field  as  compared  with  the  design  condition.  The 
flow  is  then  decelerated  in  the  power  section,  the  power  output  being  ex¬ 
tracted  mainly  from  the  kinetic  energy  of  the  flow.  Figure  IV-16  illustrates 
this  very  well.  At  the  most  efficient  magnet  current  of  1 5,  600  amps,  the 
power  density  is  very  high  at  the  generator  inlet,  and  drops  through  the 
power  section  due  to  the  decreasing  velocity.  At  lower  magnetic  field 
strengths  the  power  density  is  relatively  flat,  due  to  the  fact  that  the  velo¬ 
city  increases  while  the  conductivity  drops  in  the  power  section.  Had  the 
generator  been  operated  in  the  design  mode  of  operation,  that  is  to  say 
roughly  constant  velocity,  the  power  density  throughout  the  power  section 
would  have  approximated  that  at  the  exit  of  the  power  section  in  the  actual 
impulse  mode  of  operation,  which  is  only  about  60%  of  the  peak  power  den¬ 
sity  that  was  actually  attained. 
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Figure  IV-11  Excitation  Characteristics  for  Power  Test  #20 
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Figure  IY-IB  Excitation  Characteristics  for  Power  Test 
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V,  SUMMARY 


The  progress  during  this  testing  program  did  not  come  easily, 
and  many  important  problems  were  encountered  and  solved  during  the 
course  of  the  test  program.  These  included: 

1.  Internal  Arcing  in  the  Generator  Channel 

Internal  arcing  occurred  particularly  on  the  elec-rcda  walls. 
This,  together  with  internal  water  leakd  in  the  generator  channel, 
has  been  the  problem,  manifested  itse?' with  tne  first  test,  and  re¬ 
mained  a  prime  consideration  throughout  the  whole  program. 
Destructive  arcs  which  also  destroy  performance  can  be  pre¬ 
vented  only  if  the  magnitude  and  polarity  of  the  electric  field, 
particularly  the  axial  components  are  carefully  controlled.  '"He 
electric  field  in  the  generator  causes  a  potential  to  exist  between 
adjacent  metal  elements  of  both  the  electrode  and  insulating  walls. 

In  the  electrode  walls  the  potential  difference  is  due  to  a  combina¬ 
tion  of  the  Hall  effect  and  a  change  in  the  induced  voltage  with 
distance  along  the  channel.  The  latter  component  is  due  to  the 
change  both  in  the  gas  velocity  and  channel  size.  If  an  arc  forms 
between  adjacent  elements  of  the  insulating  wall  the  j  x  B  force 
on  the  arc  is  auch  as  to  blow  the  arc  along  the  surface  of  the 
wall  and  extinguish  it.  Thus,  the  insulating  walla  can  sustain 
relatively  high  interelement  potentials  of  the  order  o  3^  volts. 

The  situation  on  the  electrode  walls  is  more  complicated  and  it 
has  ’:<sen  found  that  "favorable’-  and  "unfavorable"  electric  field 
gradients  exist.  A  favorable  voltage  gradient  exists  for  the  case 
when  an  arc  formed  between  adjacent  electrodes  is  driven  off  the 
wall  by  the  j  x  B  force  on  the  arc.  The  unfavorable  gradient 
exists  when  the  arc  is  driven  into  the  wall  by  the  j  x  B  force. 

When  the  arc  is  driven  into  the  wall  it  can  cause  extensive 
damage  and  water  leaks.  Therefore,  the  unfavorable  voltage 
gradient  should  be  avoided  or  minimized.  The  situations  yield¬ 
ing  favorable  and  unfavorable  gradients  on  the  two  electrode  wails 
are  summarized  in  Table  1  below: 


Table  1 

Anode  (internal) 

Cathode  (internal) 

E  >  0 

X 

favorable 

unfavorable 

E  <  0 

X 

unfavorable 

favorable 

EHail  <0 

unfavorable 

favorable 

dYy 

dx 

>  0 

favorable 

favorable 

dYy 

dx 

<  0 

unfavorable 

unfavorable 

where  £„  is  the  axial  field  and  Vy  the  transverse  voltage. 

>o 

It  is  seen  that  a  situation  where  leads  to  a 

favorable  gradient.  Thus,  the  generator  loading  should  be 
such  that  the  transverse  voltages  increase  with  length  along 
the  duct.  This  can  be  achieved  except  in  the  exit  where  the 
voltage  mustdrop  to  zero.  It  is  necessary  to  cease  the  load¬ 
ing  in  the  exit  where  a  favorable  gradient  can  no  longer  be 
maintained. 

Unlike  the  transverse  voltage,  the  effect  of  which  is 
symmetric  along  both  electrode  walls,  the  Hall  effect  pro- 
duces  an  asymmetric  tavorable  vs  unfavorable  situation.  The 
Hall  effect  increases  the  favorable  gradient  on  the  cathode 
(positive  electrode  looking  into  the  generator)  and  creates  an 
unfavorable  situation  on  the  anode.  By  far  the  greatest  diffi¬ 
culty  has  been  experienced  on  the  anode  wall  of  the  net  power 
output  section  where  arcs  have  caused  substantial  damage  to 
the  electrodes,  steel  backing  for  the  electrodes,  and  the  water 
seals.  The  unfavorable  gradient  must  be  maintained  at  less 
than  approximately  30-40  volts  between  adjacent  elements. 
Favorable  gradients  approximately  twice  this  amount  can  be 
tolerated. 

2.  Internal  Water  Leaks  in  the  Generator  Channel 

Internal  water  leaks  occurred  particularly  on  the  elec¬ 
trode  walls.  The  channel  was  built  in  1963  with  a  1962  tech¬ 
nology.  It  represented  an  extreme  advance  in  size  over  the 
excited  water  cooled  channels  of  approximately  10  kilowatts 
output,  and  even  over  heat  sink  designs  of  one  megawatt  output 
(the  Mark  II).  The  channel,  ai  built,  contains  thousands  of 
water  seals  which,  in  retrospect,  can  become  exposed  to  com¬ 
bustion  gases,  attacked  by  arcs,  or  opened  due  to  flexing  and 
thermal  stress,  and  is  extremely  vulnerable  to  water  leaks. 

The  insulating  peg  walls  have,  in  fact,  performed  adequately 
in  spite  of  this  vulnerability,  but  the  problem  has  been  ever 
present  on  the  electrode  walls  where  a  water  leak  can  insulate 
the  electrode  from  the  gas  and  cause  an  arc,  or  where  an  arc 
between  electrodes  can  cause  a  leak.  Present  channel  construc¬ 
tion  methods  would  largely  eliminate  water  leak  problems. 
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3.  Electrodes 

The  electrodes  originally  installed  were  inadequate  to  han¬ 
dle  the  current  which  concentrated  in  spots  and  contributed  to  arc¬ 
ing  and  water  leaks, 

4,  The  Combustion  Chamber  Backplate  Injector 

As  originally  built,  this  piece  was  inadequate  to  handle  the 
heat  loads.  After  repairs  and  modifications  failed,  the  backplate 
was  discarded  in  favor  of  one  fabricated  of  copper,  and  no  further 
difficulties  have  been  experienced, 

5,  Recirculation  of  Exhaust  Quench  Water  in  MHD  Channel 

It  was  discovered  that  during  startup,  and  indeed  during  the 
steady  state  operation  of  the  generator  in  the  efficient  high  speed 
mode,  the  exhaust  cooling  water  spray  was  recirculating  into  the 
channel  due  to  boundary  layer  separation  in  the  channel.  On  the 
electrode  walls  of  the  generator  the  decelerated  flow  in  the  im¬ 
pulse  mode  of  operation  corresponds  to  an  adverse  pressure  grad¬ 
ient.  Thus,  the  boundary  layer  on  the  electrode  walls  in  somewhat 
more  susceptible  to  separation  than  in  the  reaction  mode  of  opera¬ 
tion.  It  is  believed  that  this  fact,  together  with  the  relatively  low 
pressure  in  the  power  section  as  compared  with  the  design  mode 
of  operation  necessitated  the  addition  of  the  supersonic  diffuser  to 
the  generator. 

6.  Electrical  Arcs  and  Flaehover  External  to  Channel 

The  channel  ha3  been  removed  many  times  for  repairs, 
and  each  time  it  is  reinstalled,  there  is  the  possibility  of  an  ex¬ 
ternal  arc  from  the  channel  due  to  the  high  potentials  {up  to  3  KV). 
The  tailpipe  has  been  a  bad  offender  here.  The  problem  is  alle¬ 
viated  by  very  careful  attention  to  details  of  channel  installation. 


Originally,  it  was  intended  to  study  the  performance  of  the 
Mark  V  generator  over  a  wide  range  of  seeding,  mass  flow,  and  loading 
configurations.  However,  as  the  testing  program  progressed,  the  main 
problem  was  to  find  an  operating  configuration  which  would  lead  to  rated 
power  output  without  excessive  voltage  gradients  or  water  leaks.  From  a 
strictly  fluid  dynamic  point  of  view,  it  was  evident  from  the  beginning  of 
the  testing  program  that  the  generator  had  more  than  ample  power  capabil¬ 
ity  and  that  the  chief  problems  were  of  a  practical  nature. 

The  original  design  of  the  Mark  V  generator  presented  in  the 
Final  Report  on  Contract  No.  AF  33(657) -8380  envisioned  operation  of  both 
the  self -excitation  and  power  sections  of  the  generator  at  low  supersonic 
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“®wl  “UKiwer,  M  <  i.2.  xne  design  calculations  first  figured  the  perfor¬ 
mance  o£  the  aelf-excitation  section  and  then  used  the  gas  conditions  at  the 
exit  from  the  self-excitation  section  to  calculate  the  performance  of  the 
power  section.  As  designed,  the  output  from  the  power  section  and  excita¬ 
tion  section  was  approximately  equal.  A  much  better  mode  of  operation  has 
been  found  during  the  testing  program*  In  this  mode  of  operation  the  power 
input  to  the  magnet  is  substantially  reduced  below  the  design  value.  Because 
this,  the  gas  enters  the  power  section  at  a  relatively  high  speed  near 
Mach  2,  and  for  a  given  magnetic  field  this  leads  to  higher  power  density. 
Thus,  it  has  been  possible  to  achieve  ratios  of  net  to  exciter  power  of  3/l 
to  5/1,  as  compared  with  the  l/l  ratio  of  the  design.  This  new  mode  of 
operation  has  greatly  influenced  the  design  of  new  MHD  generators,  includ¬ 
ing  the  20  MW  LORHO  Pilot  MHB  power  supply  at  the  Arnold  Engineering 
Development  Center,  6 

It  is  interesting  to  speculate  on  the  reasons  why  a  more  effi¬ 
cient  mode  of  operation  was  not  discovered  during  the  design  phase  of  the 
generator.  We  have  already  noted  how  the  power  section  performance  was 
calculated  using  only  the  exit  conditions  of  the  exciter  at  the  design  current. 
Secondly,  at  the  time  when  the  design  calculations  were  carried  out  there 
was,  for  reasons  which  do  not  seem  important  now,  considerable  reluctance 
to  operation  on  a  high  supersonic  mode,  and  no  experiments  in  that  mode 
had  been  carried  out.  It  is  hoped  that  this  excellent  performance  of  the 
Mark  V  in  the  impulse  mode  will  greatly  add  to  the  flexibility  of  the  MHD 
generator  design. 

With  the  achievement  of  net  output  at  greatly  reduced  magnet 
current,  the  penalty  for  self-excitation  of  an  MHD  generator  has  been 
greatly  reduced. 


VI.  CONCLUSION 


The  Mark  V  has  exceeded  its  design  net  output  of  20  megawatts, 
and  has  provided  a  convincing  demonstration  of  the  ability  to  generate  huge 
amounts  of  electric  power  with  a  rocket  exhaust. 


included: 


Specific  important  accomplishments  during  the  program  have 


1.  Demonstration  of  the  capability  to  design  a  rocket-driven 
MHD  generator  to  drive  a  specific  load  (the  magnet). 

2.  Demonstration  that  self-excitation  is  easily  achieved. 

3.  Achievement  in  excess  of  rated  net  output,  but  at  only  87% 
of  rated  mass  flow. 

4.  Achievement  of  higher  ratio  of  net  power  to  magnet  power 
rather  than  design  value  through  operation  of  the  generator  power  output 
section  in  a  high  supersonic  mode.  This  represents  a  very  significant 
advance  in  fluid  mechanics,  and  is  already  influencing  design  of  new  MHD 
equipment. 

5.  Very  significant  advance  in  the  practical  art  and  technology 
of  MHD  generators. 

6.  Demonstration  of  reliable  and  safe  operation  of  rocket-driven 
MHD  generators. 

We  believe  that,  as  a  result  of  the  program,  it  should  be  possi¬ 
ble  now  to  provide  such  equipment  for  ground  based  applications,  and  to  pro¬ 
ceed  to  furthur  development  for  specialized  air  or  space  borne  applications. 
The  results  of  this  work  should  also  be  applicable  in  general  to  MHD  gen¬ 
erators  using  any  polyatomic  gas  as  the  working  fluid,  and  in  particular  to 
the  hydrogen  cooled  nuclear  rocket  and  to  cases  where  the  working  fluid  is 
hypersonic  shock  heated  air,  and  to  possible  air  or  space  force  units  em¬ 
ploying  special  high  performance  combustion  gases  as  the  working  fluid. 
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been  tested.  The  generator  was  designed  to  demonstrate  the  feasibility  of  using  an  MHD  device  to  provide 
power  at  very  high  levels  with  relatively  simple  equipment.  This  report  described  the  generator  and  the 
testing  program  performed  to  study  the  characteristics  of  self  -  excitation  and  the  combined  operation  of 
self- excitation  and  power  output. 

The  initial  test  period  was  devoted  to  achieving  self  -  excitation  which  is  described  together  with  the 
major  problems  involved.  The  stress  is  placed  on  the  effect  of  L  di/dt,  loading,  control  of  battery  bank 
and  tent  firing  point,  together  with  end  effects  exper’.enced  in  the  channel.  After  obtaining  sufficient 
knowledge  of  the  self- excitation  and  the  control  1  .of,  the  major  effort  was  concentrated  on  the  produc¬ 
tion  of  net  power  output. 

The  dynamics  ot  the  generator  working  fluid  are  discussed,  together  with  the  effects  of  various  load¬ 
ings  of  the  generator.  The  transverse  voltage  distributions  on  the  channel,  together  with  the  axial  voltage 
and  Hall  voltage  measurements  taken,  and  their  influence  on  generator  performance,  are  presented.  Power 
and  current  density  and  their  variation  are  shown  with  power  and  magnet  current  relationships. 

Significant  reaults  of  the  generator  testing  program  were  the  production  of  a  new  power  of  23,600 
kilowatts  with  a  gross  power  output  of  32,000  kilowatts. 
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